
Can computers think? 


Ice ages: a new theory explains the climatic seesaw. 
Is the universe right - or left-handed? 


Cosmic Background Explorer will tune in on the big bang 
in a search for clues to the origin of the universe. 
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Innovation 


HIE TOWER OF BABEL AND 


SYSTEMS INTEGRATION 

The parable is older than writing itself, coming to 
us from the first murmurings of civilization. Yet its les 
son seems to have been aimed specifically at the late 
twentieth century 

In Genesis, Chapter 11, we read of an unnamed 
people building a great city on the plain of Shinar 
tMesopotamia). To the narrator of this parable, peer 
ing across time and desert from his own nomadic tradi¬ 
tions. these folk were awesomely clever They all spoke 
one common language, and because of this, nothing 
was impossible to them. 

The plan of these ingenious people was to erect a 


Pieter Elruegel the Elder, c. 1560. Kunsthistorisches Museum. Vienna 


















































huge temple tower a ziggurat, whose top would reach 
into heaven. It was to he an altar to their own intellect 
and would be called Babel, or “Gate of God" But God 
himself came down and walked the streets of their city 
and saw their project under construction. The hubris of 
this arrogant race angered him. He passed his hand 
over the city and cursed it. Now where there had been 
one language were suddenly hundreds. Confusion 
reigned. Nothing was possible. The people abandoned 
their city and scattered across the land, taking with them 
their bewildering tongues. And their vaunted temple, the 
Tower of Babel, was left untopped; carrion for the wind. 

The lesson taught by this ancient parable is uncan¬ 
nily prescient for us in the twentieth century. The revolu¬ 
tion in information technology during the past four 
decades has brought with it the ancient curse of Babel. 


Every year witnesses the birth of new computer com¬ 
panies, all fiercely competing with fastei; more powerful 
hardware, new formats and new languages. All contrib¬ 
uting to an atmosphere of discord that the narrator of 
the Biblical story would have had no trouble recogniz¬ 
ing, despite the great gulf of time. 

Recognizing this discord, Lockheed has a solution: 
systems integration. For years the company has been 
synthesizing apparently incompatible systems, whether 
for use in space, the military, or private industry To this 
end, Lockheed has actually been able to work against 
the Babe! effect. And with everyone once again speak¬ 
ing the same language, who knows what wonders are 
possible? 


Lockheed 

G ivt ng s hape to i mag \ nation. 



n 



i 

; . 


i | Ljt®* 

















SCIENTIFIC 

AMERICAN 


January 1990 Volume 262 Number 1 



Artificial Intelligence: a Debate 

Is the Brain’s Mind a Computer Program? 

John R, Searle 

Many people working in artificial intelligence believe that a computer 
simulation of mental processes could actually think. The author argues that 
computer programs merely manipulate symbols, without reference to 
meaning, and so are fundamentally incapable of understanding. 


Could a Machine Think? 

Paul M. Churchland and Patricia Smith Churchland 

Machines that manipulate symbols according to rules may well never 
achieve intelligence, but, the authors argue, the proposition does not have 
absolute force. New kinds of systems (such as artificial neural networks) 
whose physical organization mimics that of the brain might well succeed. 


34 



Antisense RNA and DNA 

Harold M. Weintraub 

A cell translates code-carrying "sense" RNA Into protein. Some cells also 
make "antisense"’ RNA, which can bind to a particular messenger and 
thwart translation. In the laboratory, such a molecule can block the 
expression of a gene and thus reveal the gene's function. In the future, 
antisense molecules might be recruited to turn off viral genes. 


42 



What Drives Glacial Cycles? 

Wallace S. Broecker and George H Denton 

Astronomical changes are ultimately responsible. Their effect, though, is to 
alter the intensity of summer sunlight in the northern latitudes. How are 
the astronomical changes converted into global climatic changes that 
trigger ice ages? The authors think the variations in the heat of northern 
summers force a worldwide reorganization of the ocean and atmosphere. 



The Handedness of the Universe 

Roger A, Hegstrom and Dilip K, Kondepudi 


From electrons and atoms to molecules, from DNA and proteins to spiraling 
vines and seasheils and on to human beings, nature exhibits handedness, or 
chirality. The preference for left- or right-handedness seems to be related to 
fundamental asymmetries in the universe at the atomic scale, but the cause- 
and-effect relations have yet to be figured out. 
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Stress in the Wild 

Robert M. Sapolsky 

The proper study of humankind may be the baboon, at least with respect to 
understanding the hormonal effects of stress. Observations of the olive 
baboon in an African wildlife preserve support the notion that personality 
strongly influences the hormonal response to stress and, in doing so, 
influences vulnerability to stress-related disorders. 



Microplasmas 

John J. Bollinger and David J. Wimland 

Strip electrons from some thousands of atoms, confine the atoms in an 
electromagnetic trap and cool them to about absolute zero, and you have a 
microplasma. It forms strange states of matter—sometimes resembling a 
solid and sometimes a liquid—that offer physicists a new way to investigate 
fundamental theories of atomic structure. 



The Cosmic Background Explorer 

Samuel Gulkis, Philip M. Lubin f Stephan SMeyer and Robert F. Silverberg 

The satellite, launched late in 1989, may revolutionize our view of the 
origin and the fate of the universe. Scanning the skies from an earth orbit 
high above the obscuring atmosphere, its sensitive instruments will be 
measuring microwave radiation left over from the big bang and looking 
for infrared radiation from the very first generation of stars. 
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1890: The Forth Bridge in 
Scotland, just completed, 
towers 361 feet. 
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Recreations 

Two software packages 
can generate cellular 
automaton worlds. 
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Will this become 
the only way 

to save the rain forests? 



Fifty-four irreplaceable acres of tropical rain forest are wiped out 
every minute. Yet we need every acre desperately. 

Rain forests house more than half the world’s animals and plants. 

And they’re crucial to maintain the earth’s fresh water supply 
Without rain forests, we could be living in a burning, barren desert. 

That’s why World Wildlife Fund needs your help to save the rain 
forests and thousands of species that call them home. We’re 
fighting for their survival and, ultimately our own. 

So send for information now. Help us save life on earth. 

Otherwise, better save this picture. 

World Wildlife Fund Uft 

Dept, A, 1250 24th St, NVy Washington, DO. 20037 

Prepared as a pubJic service by Ogilvy & Malher 







THE COVER painting depicts NASA's 
Cosmic Background Explorer, which re- 
cenfiy began to collect data bearing on 
the early history of the universe (see 
The Cosmic Background Explorer," by 
Samuel Gulkis, Philip M Lubin, Stephan 
S. Meyer and Robert F, Silverberg, page 
122). cobe's instruments will scan the 
sky for a year in an effort to map the 
microwave background radiation that 
was emitted soon after the big bang and 
infrared radiation that is expected to 
have survived from the earliest stars. 
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LETTERS 



To the Editors: 

In “The Metamorphosis of Information 
Management [Scientific American, Au¬ 
gust, 1989], David Gelerater's compari¬ 
son between software and construction 
projects is both misleading and illumi¬ 
nating in regard to the current state of 
software. No one buys a building with 
the expectation of another 'Yiew release” 
in six months, and yet that practice is 
common for software. 

No engineer would try to construct a 
bridge—or the Eiffel Tower—by piling to¬ 
gether pieces without analyzing their in¬ 
teractions and behavior as a whole. Gel- 
emter advocates building information 
refineries containing “thousands or even 
tens of thousands of modules..Jin a 
structure that] no single programmer 
would under stand ♦..in its entirety.” 

Programs—because of their discrete 
behavior and large number of states—are 
more difficult to analyze than bridges. 
Parallel computers exacerbate this prob¬ 
lem by introducing nondeterminism Bet¬ 
ter techniques of program specification 
and verification are necessary if comput¬ 
er programs arc to become as reliable 
as bridges. 

James R. Larus 

Computer Sciences Department 
University of Wisconsin 
Madison 


The author responds: 

No doubt about it, programs are not 
exactly like bridges, and 1 thank Profes¬ 
sor Inrus for pointing this out. But I have 
to differ with him on the rest of his let¬ 
ter, which raises by implication some 
very important issues For software and 
computer science. 

1 think Professor Larus is implying 
that if we can't analyze a structure, we 
shouldn't build it. This is a debatable 
proposition. My own feeling is that it is 
profoundly wrong. 

Since Larus mentions bridges, let's talk 
about bridges. In The Tower and the 
Bridge (Princeton University Press, 1985), 
David P. Billington discusses precisely 
this issue: Should bridge designers be 
constrained by the limits of available an¬ 
alytic techniques? On page 151 he writes 


that the emphasis placed by the Ger¬ 
mans on analysis in the late 19th centu¬ 
ry “drew them away from forms for 
which they had no calculations, and thus 
narrowed the range of structural possi¬ 
bilities.” Billington points out (on page 
163) that in the U.S. of the 1930's, engi¬ 
neers were “led away from the possibili¬ 
ties for new forms” involving deck- 
stiffened arches by the complexity of 
their analytic models. He writes (on page 
10), "The fact that these works need 
not—indeed, in some cases should not— 
be based on general theories is apparent 
from concrete studies in the history of 
technology*" 

The point is fundamental and tran¬ 
scends bridges, software and whatnot: 
throughout the history' of engineering, 
imagination has wildly outstripped anal¬ 
ysis. Had builders traditionally accepted 
the limitation that you may build only 
what you can analyze, out culture would 
have been immeasurably the worse off 
for it. The correct analysis of Roman and 
Byzantine domes or Gothic fan vaulting 
still occasions technical debate. Histori¬ 
cally, engineers have relied on meticu¬ 
lous observation, detailed experiments, 
a deep knowledge of their materials and, 
above ah, a sense of form—supported (it 
goes without saying) by the best mathe¬ 
matical tools available, as long as they 
are of some practical use. We in software 
strive to do the same. 

Analysis is catching up, but in soft¬ 
ware it still lags far behind. As Larus 
says, “better techniques of program 
specification and verification” are indeed 
necessary-. But we refuse categorically to 
sit on our hands until those techniques 
appear, nor (to be frank) have we felt lim¬ 
ited or constrained in any way by their 
absence. 

Nondeterminism is a case in point. It 
greatly complicates the formal analysis 
of program behavior and in theory 
might make programs harder to write. 
But tn our experience, it more often 
makes the job easier. Parallel programs 
pose some special debugging problems, 
but (again) in our experience, nondeter¬ 
mini sm isn't one of them. We are eager 
to learn as much as we can from the 
"theoretical systems" people. But w r e will 
be limited in our own work strictly by 
the problems we can’t solve, not by the 
problems they can't solve. 1 hope and ex¬ 
pect that the leading edge of tills field 
will continue to depend only on the 
imagination of our best builders. 

David Gelerntcr 

Department of Computer Science 
Yale University 
New Haven, Conn, 


To the Editors: 

In "The Qiiiei Path to Technologi¬ 
cal Preeminence” [Scientific American, 
October, 1989], Robert B, Reich writes, 
"Most U.S. corporate researchers and de¬ 
sign engineers work in laboratories that 
are separated geographically as well as 
culturally from the factories, warehous¬ 
es and distribution facilities where their 
ideas might eventually be implemented. 
Research facilities ty pically occupy mod¬ 
em, campuslike buildings in bucolic sur¬ 
roundings.... R&D often has relatively lit¬ 
tle connection to the rest of a company's 
undertakings.” 

Your magazine chose to illustrate 
Mr. Reich's point with a photograph 
whose caption asserts: "Pastoral setting 
of many U.S. research centers (such as 
this AT&T Bel1 Laboratories facility in 
Holmdel, N.J.) fosters creativity, but the 
separation of research laboratories from 
the factory floor can make U.S. compa¬ 
nies less efficient than their Japanese 
counterparts at translating new discov¬ 
eries into profitable products and the 
processes for producing them” 

You selected the WTong company to 
make the point. 

For decades Bell Labs has pioneered 
information technology' by “co locating” 
its R&D people at manufacturing sites. 
More than 3,000 R&D scientists and en¬ 
gineers work hand in hand with manu¬ 
facturing engineers and marketing per¬ 
sonnel at AT&T factories in six states to 
ensure the timely, cost-effective intro¬ 
duction of AT&T products and services. 

At Holmdel, N.J., where some of our 
fundamental research is performed, BeU 
Labs researchers and developers collab¬ 
orate daily with co located AT&T prod¬ 
uct and marketing employees on prod¬ 
ucts ranging from residential phones to 
new computer architectures. 

Reich is right in saying a gulf will de¬ 
velop between R&D on the one hand 
and manufacturing and marketing on 
the other unless corporations work as¬ 
siduously to bridge those functions. At 
AT&T, that's what we have done. 

S. J. Buchsbaum 

Executive Vice President 
AT&T Bell Laboratories 
Holmdel, N.J. 


Every’ month we receive hundreds of let¬ 
ters from our readers. We and our authors 
thank you for sharing your thoughts with 
us—and ask for your forbearance. The 
sheer number of letters makes it impossi¬ 
ble for us to answer more than a fraction 
of them. 
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JANUARY, 1940: “Down the lower 
side of a cigar-shaped radio beam, an 
airplane flown by Capt Milton M, Mur¬ 
phy and jack Haynes, Civil Aeronautics 
Authority inspector, glided repeated¬ 
ly to safe landings on East Boston air¬ 
port in Massachusetts recently. These 
flights demonstrated for the first time 
an application of the klystron, an in¬ 
vention developed at Stanford Univer¬ 
sity, which generates ultra-short radio 
waves that can be directed as a search¬ 
light directs a beam of light ” 

"When the government-sponsored 
South Pole Expedition commanded by 
Admiral Byrd arrives in the Antarctic 
sometime this winter, it will have a 
unique vehicle, which will be used as 
a mobile base. Designed by Dr. Thom¬ 
as C Poulter, it looks like a cross be¬ 
tween a huge bus and a military tank, 
it is so constructed that it can nego¬ 
tiate rough ice fields, cross crevasses 
up to 15 feet wide, make speeds up to 
25 miles an hour, and have a cruis¬ 
ing range of between 5000 and 6000 
miles. The Snow Cruiser will be 55 feet 
long and 15 feet wide, and will carry 
on its roof a five-passenger airplane." 

"Experimental use of the parachute 
is being made to fight forest fires in 
the Chelan National Forest In Wash¬ 
ington State and, while definite con¬ 
clusions have not yet been drawn, 
the experiments are highly promising. 
Firefighters will be intensively trained 
and will be dropped on the ‘softest 1 
spot as near the location of the fire 
as possible. Upon landing, the man 
crawls out of his protective suit, frees 
himself of the parachute, and strikes 
out for the nearby fire.” 

"Germs of two varieties of Strepto¬ 
coccus saUvarius were found on the 
rims of glasses in taverns, restaurants, 
cocktail lounges, and soda fountains. 
The germs, harmless in themselves, 
can be used as an index of how well 
such glasses are washed between 
drinks and of how many more danger¬ 
ous germs may be left on the glasses 
by careless washing. Of all the glass¬ 


es examined, those in soda fountains 
were the least gerrny ” 

"During daylight hours the diri¬ 
gibles of the Goodyear Tire & Rub¬ 
ber Company provide a unique way of 
seeing the sights of New York City 
from the sky, but at night they carry 
over the city an ingenious neon adver¬ 
tising sign.” 



JANUARY, 1890: "Miss Helen A. 
Keller, who is at present an inmate 
of the Perkins Institute for the Blind 
in Boston, was deprived of her sight 
and hearing at the age of eighteen 
months. At the age of six, being deaf, 
dumb, and blind, she was put under the 
charge of Miss Annie M. Sullivan, who 
undertook to instruct her in the touch 
alphabet, and so eager was her pupil 
for knowledge, and so quick of percep¬ 
tion, that she now is able to read and 
write with perfect facility. It will be a 
matter of the profoundest interest to 
watch the development of human na¬ 
ture uninfluenced by the usual sur¬ 
roundings of life, and to watch the soul 
expand and grow by its own virility.” 

"The use of the Colorado Midland's 
rotary snow shovel on the Denver, 
Texas, and Fort Worth seems to have 
created a mild sensation. A local paper 
says: ‘It was put to work in a big cut 
where the snow was about 20 feet 
deep. Around the center of the cut, a 
strange sight was witnessed. Those 
who were standing on either side of 
the plow were suddenly deluged with 


a shower of beef steaks. On all sides 
fell porterhouse, sirloin, round steaks, 
small steaks, shoulder steaks, with oc¬ 
casionally a slice of liver or a nicely cut 
rib roast. Investigation disclosed the 
fact that a herd of Texas cattle had 
crowded into the cut and had frozen 
and been buried in the drifts.*” 

“After showing that friction makes 
perpetual motion impossible, Profes¬ 
sor Hele Shaw reflects upon the state 
of affairs that would follow if friction 
were to cease to act. The whole force 
of nature would be at once changed, 
and much of the dry land and most 
of our buildings would disappear be¬ 
neath the sea. Such inhabitants as re¬ 
mained a short time alive would not 
only be unable to provide themselves 
with fire or w'armth, but would find 
their very clothes falling back to the 
original fiber from which they were 
made; they would also be unable to 
obtain food, from inability to move 
themselves by any ordinary method of 
locomotion, or, what would be equally 
serious, having once started into mo¬ 
tion, from being unable to stop except 
when they came into col lision with oth¬ 
er unhappy beings or moving bodies." 

“The Forth Bridge has lately been 
completed and is now receiving the fin¬ 
ishing touches. The bridge is the most 
important link in the direct railway 
communication between Edinburgh on 
the one hand and Perth and Dundee 
on the other. The total length of the 
viaduct (the longest in the world) is 
8,296 feet, or nearly l 5 /« miles; the 
headway for navigation is 150 feet; 
and the extreme height of the struc¬ 
ture is 361 feet.” 



Heights of great buildings of the world and the Forth Bridge compared 
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SCIENCE andthe CITIZEN 


Aftershocks 

California quake intensifies 
pressure for prediction 

T he biggest news about the earth¬ 
quake that shocked California 
last October may be that it was 
hardly a surprise—at least not to seis¬ 
mologists. In 1988 the US. Geological 
Survey had flagged virtually the exact 
segment of the San Andreas fault that 
failed. It runs near Loma Piieta Moun¬ 
tain in the southern Santa Cruz range. 
There was, uses workers said, a 30 
percent chance that an earthquake of 
6.5 magnitude would happen there 
within 30 years—one of the highest 
probabilities in the whole San Andreas 
fault system. 

The Loma Prieta earthquake repre¬ 
sents a 'Vindication of the whole ap¬ 
proach" of studying past seismicity to 
make long-term forecasts of earth¬ 
quake likelihood, maintains Allan G. 
Lindh of the usgs in Menlo Park, Calif. 
Moreover, in the months before the 
quake there were clues that a stretch 
of the San Andreas that had been qui¬ 
escent since 1914 was preparing to 
move again, suggesting that some 
nearer-term forecasting might be pos¬ 
sible, “It is becoming a science " says 
James H. Dieterich of the uses. 
Current theory suggests big earth¬ 
quakes occur where stress caused by 
tectonic plates grinding against one 
another accumulates, producing a 
“seismic gap," instead of being re¬ 
lieved by many small earthquakes. 
Lindh expressed apprehension about 
the long-silent southern Santa Cruz 
segment last summer, after an earth¬ 
quake in August near Lake Elsman 
relieved only a little stress. 

In retrospect, it seems that that 
earthquake, together with one that oc¬ 
curred nearby in June, 1988, “in some 
sense foretold" the Loma Prieta event, 
Lindh says; “it’s hard for most people 
to believe there wasn't some physical 
process occurring at depth... starting 
in June of 1988." Distance measure¬ 
ments made with lasers atop Loma Pri¬ 
eta indicate there were indeed “mar¬ 
ginally significant" changes in the rate 
of ground movement there starting in 
June, 1988, according to usgs's James 
C Savage. 

What would be needed to try to im¬ 
prove near- or intermediate-term fore¬ 
casting? Better seismometers would 
help reveal how earthquakes propa- 
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gate. There are hundreds of seismom¬ 
eters in California, but most of them 
are inferior to the best modern instru¬ 
ments. “Work is limited by the lack of 
good data/ * 1 says William L. Ellsworth 
of the usgs. 

usgs researchers think the best 
hope for monitoring any small telltale 
ground movements that might pre¬ 
cede an earthquake would be a combi¬ 
nation of more borehole strain gauges 
and better use of the Global Position¬ 
ing System. This system, which uti¬ 
lizes military satellites, can measure 
horizontal ground movements of less 
than one centimeter over a distance 
of 40 kilometers. Measurements are 
made infrequently, however, and cov¬ 
erage is sparse. Receivers cost up to 
$80,000, and many more would be 
needed to achieve continual monitor¬ 
ing of active faults near populated 
regions of California. 

Would the public react sensibly to 
shorter-term earthquake forecasts, or 
is mass panic likely? No one can be 
sure, but Lindh is encouraged by the 
“intelligent and responsible" actions 
of state officials, who, after consult¬ 
ing with the uses and the Califor¬ 
nia Earthquake Prediction Evaluation 
Council, have in recent years been 
issuing short-term advisories of in¬ 
creased earthquake likelihood after 
small earthquakes {including the Lake 
Elsman event). According to Richard 
A. Andrews of the California Office of 
Emergency Services, some useful pre¬ 
paratory actions have been taken as 
a result of the advisories: emergency 
generators were checked, people were 
reminded where to find the American 
Red Cross and some fire trucks were 
rolled out. These advisories “marked a 
sort of watershed/ 1 Lindh says. “Peo¬ 
ple could not conceive of doing that 
10 years ago. 11 

Investment in improved warning 


systems might be timely. Loma Pri¬ 
eta "filled in" one big seismic gap on 
the San Andreas; the next conspicuous 
gap, according to lindh, lies farther 
north, only some 20 to 40 kilometers 
south of San Francisco. Most USGS 
workers feel that Loma Prieta shift¬ 
ed stress on the San Andreas farther 
north, making a full-size successor to 
the Little Big One more likely. 

The rapid, worldwide growth of 
cities near seismically active zones 
makes the improvement of predictive 
capability pressing, argues Roger Bd- 
ham of the University of Colorado at 
Boulder. Urgent as it is, it may not be 
accomplished soon. According to Rob¬ 
ert L. Wesson, director of the u$G$’s 
Office of Earthquakes, Volcanoes and 
Engineering, the usgs's funding for 
earthquake-related research has fall¬ 
en by 40 or 50 percent in real terms 
since 1978. — Tim Beardsley 


Loud and Clear 

Science's new voice 

at the White House speaks out 

D Allan Bromley, director of the 

I White House's Office of Sci¬ 
ence and Technology Policy 
and Assistant to the President for Sci¬ 
ence and Technology, sounded a clear 
warning in November that budget 
pressures are likely to mean delaying 
some of the “big science" projects ini¬ 
tiated during Ronald Reagan's terms 
of office. 

Speaking in forthright fashion at a 
meeting of the D.C Science Writers* 
Association, Bromley singled out such 
megaprojects as the Superconducting 
Supercollider, the National Aerospace 
Plane, the Human Genome Project and 
the space station. Unless watched 
carefully, he said, they could displace 
small science carried out by individual 
investigators, and he is "committed to 
making sure that doesn't happen." Ex¬ 
panding on the topic, he said that the 
big science projects could not all be 
continued in parallel at the level 
sought by their proponents: “If indeed 
we do them all, we can't do them all 
at the same time... we don't have 
the funds." 

Bromley also advocated increasing 
the proportion of the Defense Depart¬ 
ment's research budget devoted to ba¬ 
sic research, which is currently some 8 
percent. He said he would argue that 
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in the current atmosphere of reduced 
international tension, investment in 
basic research is necessary to keep 
the military from being technological¬ 
ly blindsided. 

In response to a question, Bromley 
said he had not been consulted by 
Secretary of Health and Human Servic¬ 
es Louis W. Sullivan about the decision 
to make permanent a ban on feder¬ 
al support for research that involves 
transplanting Fetal tissue from in¬ 
duced abortions into human recipi¬ 
ents. Bromley said he was “concerned" 
that views on abortion "could become 
a litmus test” for government appoint¬ 
ments in science and technology but 
added that he is not aware that such a 
test has been applied. 

Bromley rejected the suggestion 
that the administration is dragging its 
feet oveT an international agreement 
limiting emissions of carbon dioxide. 
Decisions should await the assess¬ 
ments of greenhouse warming being 
carried out under the auspices of the 
United Nations, he said “By fall 1990 
we will be in a position to discuss how 
we could stabilize or even reduce 
greenhouse-gas emissions.” —T.M.B. 


Nit Picker 

Ancient combs served 
more than cosmetic purposes 

Akhough St. Francis of Assisi once 
J V characterized lice as “pearls of 
JL \. poverty," the ancient dwellers 
of the Mediterranean took a more 
worldly view of Pediculus capitis, Egyp¬ 
tian priests, resorting to a scorched- 
earth policy, simply shaved their 
heads and bodies to prevent infesta¬ 
tion. By Roman times a more subtle 
defense—one that is still in use—was 
developed: the nit comb. 

Writing in Biblical .Archaeology Re¬ 
view ; Kostas Y. Mumcuoglu, a parasi¬ 
tologist at the Hebrew University of 
Jerusalem, and Joseph Zias, a curator 
at the Israel Department of Antiquities 
and Museums, report that they found 
Lice of every developmental stage 
from egg to adult in organic material 
taken from two wooden combs found 
at Qumran, near the site where the 
Dead Sea Scrolls were discovered. That 
area had been populated by the Es- 
senes, a Jewish sect, until it was laid 
waste by the Roman army (a.d. 68} 
during the First Jewish Revolt. The 
authors also found eight lousy combs 
among artifacts that had been taken 
from sites dating to the second revolt 
(a.d. 132-185). 

Mumcuoglu and Zias maintain that 



WOODEM COMB from the second centu¬ 
ry was preserved in the Judean desert. 
Head louse was taken from a first-cen¬ 
tury comb found at Qumran . 


the combs were intended as delous- 
ers: a coarse-toothed edge served to 
straighten the hair; a fine-toothed 
edge served to delouse it. The design 
appears to have been effective, as 
many lice found on the combs had 
been broken into pieces. 

These organic specimens could 
yield information on matters beyond 
the history of hygiene. Zias says he 
is looking for someone sufficiently 
versed in microsurgery to open the 
gut of one of the ancient lice and 
extract any human blood it may con¬ 
tain. He says the nucleus from even 
a single leukocyte {white blood cell) 
might furnish geneticists with enough 
DNA to compare its ancient donor 
with modem populations. Such com¬ 
parisons might gauge the genetic link 
between ancient and modem Jews and 
perhaps suggest ancestral ties with 
other peoples around the world. Such 
findings would supplement the chro¬ 
nological study of human genetics 


that began with experiments conduct¬ 
ed on Egyptian and South American 
mummies. 

“Or we could try to clone the human 
louse itself," Zias says. “Morpholog¬ 
ically it has not changed, but who 
knows about its molecular biology.” 
Indeed, with its generations meas¬ 
ured in weeks rather than decades, 
the lowly louse will have experi¬ 
enced far more evolutionary time than 
humans have over the past 2,000 
years. — Philip E. Ross 


Nanofuture 

How much fun would it be 
to live forever? 

K Eric Drexler is a prophet who 
likes to think small. His vi- 
* sion is of a world remade by 
hordes of self-replicating microscopic 
robots. Drexler’s search for "robust 
arguments for what is possible" has 
led him to proclaim {at fees that reach 
$5,000 for an appearance) that nano¬ 
meter-scale devices will someday give 
human beings a revolutionary pow¬ 
er: inexpensive control over the struc¬ 
ture of matter. In the nanotechnology 
age most international trade will be 
unnecessary, since anything that can 
be made will be “grown" from feed¬ 
stock by nanomachines programmed 
by onboard computers. In Drexler’s 
world people will live indefinitely, their 
illnesses corrected in situ by nano¬ 
robots executing molecular adjust¬ 
ments. Yet life in the nanofuture will 
not be all roses, Drexler fears: “gray 
goo" weapons might be developed- 
soups of omnivorous nanorobots that 
could reduce the biosphere to dust. 

Far out? No farther out than Stan¬ 
ford University, where Drexler is a vis¬ 
iting scholar in the computer science 
department His Foresight Institute, 
together with the Global Business Net¬ 
work (an eclectic group comprising, 
among others, Peter Schwartz, a for¬ 
mer Shell executive, the biologist Lynn 
A. Margulis and rock musicians Brian 
Eno and Peter Gabriel), recently held 
an international conference in Palo 
Alto, Calif. Its purpose: to enable ex¬ 
perimental scientists, venture capital¬ 
ists and armchair nanoenthusiasts to 
start planning the nanotechnology 
revolution. 

Drexler looks chiefly to biochemical 
engineering for the molecular com¬ 
ponents that will constitute the first 
assembler: a programmable nanoma¬ 
chine tool that can build structures 
atom by atom, including other assem¬ 
blers. Once the first assembler has 


10 Scientific American January 1990 









been built, Drexler says, its offspring 
will be able to create armies of assem¬ 
blers in days. 

Engineering projection, or science 
fiction? The scientific presentations at 
the conference were real enough, Tra¬ 
cy Handler of Du Pont described how 
she and her colleagues had designed, 
apparently successfully, a protein con¬ 
sisting of four helixes that fit togeth¬ 
er to form a cylinder; they made the 
protein by inserting a synthetic gene 
into the bacterium Escherichia coll Jay 
Ponder of Yale University said he is 
starting to predict the three-dimen¬ 
sional structures of novel proteins— 
a formidable problem—by working 
from analogy with known structures, 
John Foster of the IBM Almaden Re¬ 
search Center in San Jose told how his 
group is starting to manipulate indi¬ 
vidual molecules with a variant of the 
scanning tunneling microscope. 

Others pondered questions that 
have crossed fewhuman minds, Ralph 
C Merkle of the Xerox Palo Alto Re¬ 
search Center (who, as a co-inventor 
of public-key cryptography, apparent¬ 
ly has armchair credentials) proposed 
that nanomachines be forbidden to 
have sex, thus preventing them from 
reshuffling their programs and sur¬ 
prising their creators. 

There were a few open doubters. 
Lester Millbrath of the State University 
of Mew York at Buffalo worried that 
the development of nanotechnology 
(“the most important moral decision 
ever made by our species”) was un¬ 
likely to solve the environmental cri¬ 
sis—a view hotly disputed by nanoen¬ 
thusiasts. Federico Capasso of AT&T 
Bell Laboratories questioned the po¬ 
tential of one nanoscale technology, 
quantum-based microelectronics, by 
pointing out that only a few percent of 
discoveries lead to new devices. 

Despite Drexler 1 $ guess that an as¬ 
sembler might be built during the first 
third of the next century, some partici¬ 
pants said privately that they thought 
the necessary’ technologies lie still in 
the distant future. “He's definitely be¬ 
ing overoptimistie, 11 said Michael D. 
Ward of Du Pont, who designs multi- 
molecular lattices from a knowledge 
of the component molecules. 

Some experts on the very small who 
were not at the conference also have 
reservations. Harold Craighead, direc¬ 
tor of the National Nanofabrication 
Facility at Cornell University, is enthu¬ 
siastic about applications in electron¬ 
ics and optoelectronics but is dubious 
about Drexler's nanorobots. "It takes 
in general a complicated factory to 
make a complicated mechanical ob¬ 
ject, and it gets harder as the object 


gets smaller,” he says. Richard S. Mul¬ 
ler, co-director of the Sensor and 
Actuator Center at the University 
of California at Berkeley, which last 
year fabricated a motor .1 millimeter 
in diameter, adds that “they haven't 
come up with anything that's working 
yet—the substance isn't really there." 
Rolf W. Landauer of IBM has cautioned 
that atomic-scale devices in general 
are too sensitive, too variable and too 
delicate to carry out computation. 

Drexler welcomes such criticism. He 
argues that the consequences of nano¬ 
technology will be so great that hu¬ 
mankind had better start planning 
now, to maximize the time for debate. 
“Everything I heard was a new oppor¬ 
tunity ora new strength... rather than 
a new problem,” he declares, — TM.B. 


PHYSICAL SCIENCES 


Quasicrystal Clear 

Is entropy the driving force 
behind this odd form of matter? 


W hat exactly are quasicrystals? 
Workers at the National Bu¬ 
reau of Standards discovered 
this curious state of matter in an alloy 
of aluminum and manganese in 1984. 
The alloy's molecular structure dis¬ 
played fivefold symmetry: it diffracted 
X rays into patterns that looked the 
same when rotated by fifths of a circle. 
According to classical crystallography, 
one can no more build a cry stal out of 
fivefold symmetric "unit ceils” than 
one can cover a plane with pentagons; 
in each case, gaps are unavoidable. 
Physicists agreed to call the new type 
of matter qua si crystals but disagreed 
about its nature. 

Several researchers, notably Paul J. 
Steinhardt of the University of Penn¬ 
sylvania, have maintained from the 
start that quasicrystals represent a 
real-world embodiment of a mathe¬ 
matical construct called Penrose til¬ 
ing. In the early 1970's Roger Penrose 
of the University of Oxford found that 
two types of rhombus (a parallelo¬ 
gram whose sides are all equal), if 
fitted together according to certain 
"matching rules," can cover an infi¬ 
nite plane while never settling into 
a repeating, single-celled pattern. 
Although the pattern formed by the 
tiles is technically nonperiodic, it is 
dense with decagons and five-pointed 
stars—shapes that exhibit fivefold 
symmetry. 

Many solid-state physicists bridled 
at the Penrose tile model. They said it 


was difficult to imagine how Penrose's 
complicated matching rules would be 
enforced in nature. They pointed out 
that the proper placement of a Pen¬ 
rose tile often requires knowledge of 
the positions of very distant tiles. Na¬ 
ture might accomplish such a trick 
through a nonlocal effect—in which 
conditions in one region instantane¬ 
ously influence events elsewhere. In¬ 
deed, Penrose himself has suggested 
that some nonlocal effect related to 
quantum phenomena might give rise 
to quasicrystals. Still, the vast majority 
of solid-state physicists view nonlo¬ 
cality as unacceptable, more fiction 
than science. 

Some theorists have tried to in¬ 
vent completely local matching rules, 
which might obviate the need for non¬ 
local knowledge in Penrose tiling and, 
perhaps, nonlocal effects in quasicrys¬ 
tals. One such set of rules, advanced 
by Steinhardt, David P. DiVincenzo of 
IBM and others, requires that the sides 
of tiles vary in their "stickiness," or 
ability to adhere to neighboring fac¬ 
ets. Skeptics assert that such matching 
rules are even more complicated—and 
so even more unlikely to occur in na¬ 
ture—than Penrose's. 

Until recently many physicists pre¬ 
ferred to believe a far more conven¬ 
tional alternative to the Penrose tile 
model: the icosahedral glass model. 
Advanced chiefly by Alan 1. Goldman 
of Iowa State University and Peter W. 
Stephens of the State University of 
New York at Stony Brook, it held that 
qua si crystals have only occasional is¬ 
lands of structure in a sea of disor¬ 
der—or, more specifically, icosahedral 
clusters of atoms scattered at random 
in a glassy matrix. 

Although not as exciting as the Pen¬ 
rose tile model, the icosahedral glass 
model better explained the blurry X- 
ray diffraction lines generated by ear¬ 
ly samples of quasicrystals. (Icosahe¬ 
drons, which have 20 triangular fac¬ 
es, exhibit fivefold symmetry.) Then 
numerous groups, the first at Tohoku 
University in Japan, began producing 
quasicrystals that displayed far more 
order than previous samples. An anal¬ 
ysis of the new samples last year by 
Goldman and Stephens, among others, 
finally ruled out their own icosahedral 
glass theory. Their work, they say, also 
eliminates an earlier proposal by Li¬ 
nus Pauling that quasicrystals are just 
conventional crystals that intersect in 
unconventional ways. 

Meanwhile the stock of another the¬ 
ory has risen. The theory is based on 
an examination by Michael Widom of 
Carnegie-Mel Ion University and Kath¬ 
erine J. Strandburg of Argonne Nation- 
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al Laboratory of what happens if one 
assembles Penrose tiles at random, 
eliminating all rules except the re¬ 
quirement that the tiles cover the 
plane. The investigators found that in 
most cases the tiles form a pattern 
that exhibits the same basic proper¬ 
ties of fivefold symmetry and nonperi¬ 
odicity as perfect Penrose tiles, even 
though the position of many individu¬ 
al tiles is changed. 

The chief advantage of this theory is 
that it has the powerful backing of the 
second law of thermodynamics, which 
holds that nature favors systems pos¬ 
sessing greater entropy, or potential 
randomness. In a sense, entropy, rath¬ 
er than matching rules or nonlocal 
tricks, becomes the system's govern¬ 
ing principle. 

Recent experiments by Peter A. Ban- 
cel of IBM seem to support such a 
model. Rancel found that the X-ray 
diffraction lines of quasicrystals made 
of aluminum, copper and iron became 
sharper as the temperature of the ma¬ 
terials increased. This counterintui¬ 
tive phenomenon, Bancel says, is a 
predicted symptom of a high-entropy 
system rather than one restricted by 
Penrose matching rules. 

Does that mean that true Penrose 
quasicrystals—conforming precisely 
to his matching rules—do not exist? 
David R. Nelson of Harvard Univer¬ 
sity thinks so. He finds the entropy 
model so convincing that he consid¬ 
ers the search for perfect Penrose 
quasi crystals a waste of time. Not 
surprisingly, other investigators dis¬ 
agree. “Finding perfect Penrose tiles 
is still the Holy Grail," DiVincenzo 
remarks. —John Morgan 


Bottled Antimatter 

New trap cools antiprotons 
to test nature's antisymmetry 

A device tested at cern, the Eu- 

/ V ropean laboratory for particle 
J A. physics near Geneva, may give 
investigators a glimpse of what an 
antimatter world might look like. The 
device cools antimatter to a tempera¬ 
ture of a few degrees above absolute 
zero and stores it for several days at a 
time. It has already made possible 
precise measurements of the antipro¬ 
ton's mass and may yield the first 
antimatter atoms on earth. 

The cern physicists create the raw 
ingredients by accelerating particles 
of ordinary matter to high energies 
and then steering them into a metallic 
target. The collisions produce parti- 
de-antlparticle pairs. The antiparticles 



QUASJO?LSTAL of aluminum r copper 
and iron was made by Peter A, Bancel 
of IBM, It is 3 millimeter wide. 


are then siphoned off by magnets and 
kept in storage rings. Storage rings 
generate electromagnetic fields that 
suspend antimatter within a vacuum 
and prevent it from annihilating mat¬ 
ter. The electromagnetic fields also 
propel the antimatter at nearly the 
speed of light. The fact that the anti¬ 
matter is whizzing by at great velocity 
makes the task of measuring its prop¬ 
erties very difficult. 

The new storage device—developed 
by investigators from Harvard Univer¬ 
sity, the University of Mainz in West 
Germany and the University of Wash¬ 
ington—overcomes this obstacle. As 
reported in Physical Review Letters, 
the device stores antiprotons (the an¬ 
timatter counterparts of protons) at 
energies more than 60 million times 
lower than those in any conventional 
storage ring. 

To begin the new storage process, 
the workers divert a group of antipro¬ 
tons from the storage ring. The anti¬ 
protons, which are traveling at an av¬ 
erage of one tenth of the speed of light 
(30 million meters per second), enter a 
sealed, evacuated chamber and crash 
through an aluminum plate. The col¬ 
lision slows them down to 700,000 
meters per second. The chamber also 
contains a series of hollow, cylindrical 
electrodes through which the antipro¬ 
tons pass. The last electrode generates 
an electric field that turns the antipro¬ 
tons around. 

A hundred billionths of a second 
later, a voltage is applied to the oth¬ 
er cylinders to generate a new electric 
field. The combination of this electric 
field and a magnetic field (produced 
by an exterior superconducting mag¬ 
net) creates forces that trap the anti¬ 
protons, This electromagnetic bottle 
is a type of Penning trap [see "Micro¬ 


plasmas," by John J. Bollinger and Da¬ 
vid J. Winelaitd; page 114 J. 

The captured antiprotons (as many 
as 60,000 of them) oscillate rapidly in 
the trap. To cool the antiprotons fur¬ 
ther, the workers fill the electromag¬ 
netic trap with many cold electrons. 
As the antiprotons collide with the 
electrons, they cool as the electrons 
heat. According to one of the principal 
investigators, Gerald Gabrielse of Har¬ 
vard, thousands of antiprotons have 
been cooled to a temperature below 
100 kelvins. At that temperature the 
antiprotons are moving at 1,300 me¬ 
ters per second. 

The new technique has enabled re¬ 
searchers to improve measurements 
of the antiproton's mass by a factor of 
50, Gabrielse says. They found that the 
proton and antiproton have the same 
mass within about one part per mil¬ 
lion. This measurement confirms the 
predicted symmetry between matter 
and antimatter. 

The group plans to isolate a single 
antiproton in order to measure its 
mass 1,000 rimes more accurately. 
The workers are also attempting to 
produce and study cold antihydrogen: 
the combination of an antiproton and 
an antielectron. —Russell Ruthen 


The Redshift Blues 

New redshift theory challenges 
both physicists and cosmologists 

R edshifts are to astronomy what 
tape measures are to carpentry: 
a well-understood tool whose 
validity" hardly seems open to ques¬ 
tion. Modern cosmology is rooted in 
the belief that essentially all observed 
redshifts are caused by the Doppler 
effect, whereby light emitted by a re¬ 
ceding object is “stretched out" and 
so shifted toward the red end of the 
spectrum. Emil Wolf of the University 
of Rochester, writing in Physical Re¬ 
view Letters t now questions this tradi¬ 
tional interpretation by proposing a 
previously unrecognized mechanism 
that, he claims, can completely mimic 
the Doppler effect. 

Wolf suggests that light can be red- 
shifted if it passes through a scat¬ 
tering medium in which the index of 
refraction varies randomly over both 
space and time. If suitable correlations 
exist within the medium, the light will 
change frequencies even though the 
overall source is at rest. His calcula¬ 
tions show that the result can in prin¬ 
ciple be a Doppler-like shift across the 
entire spectrum. 

Wolfs ideas have generated con- 
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siderable interest and controversy 
among his colleagues, in part because 
The big-bang theory rests on obser¬ 
vations of redshifts that are interpret¬ 
ed as evidence that the universe is 
expanding. Wolf hesitates to suggest 
that the big-bang concept might be 
wrong. “It is something that should be 
looked at," he says cautiously. 

More plausible, Wolf believes, is the 
possibility that his mechanism may 
explain long-disputed quasar-galaxy 
pairings. In some instances, quasars 
and galaxies that appear to be physi¬ 
cally associated have vastly different 
redshifts, which indicates, by conven¬ 
tional reckoning, that they are billions 
of light-years apart. Many astrono¬ 
mers—including Christopher L. Carilli 
of Harvard University, who with two 
colleagues found the most recent 
such association—dismiss these asso¬ 
ciations as chance Une-of-sight pair- 
ings.Afew workers, among them jack 
W. Sulentic of the University of Ala¬ 
bama at Tuscaloosa, maintain that 
they reveal either anomalies unex¬ 
plained by the big-bang theory or else 
the existence of some kind of non- 
Dopplerian redshift. 

Naturally, Wolf favors the latter in¬ 
terpretation. Matter surrounding qua¬ 
sars is probably anisotropic (not the 



RADIO mnriNG CLOUDS of hydrogen 
seem to connect a quasar and galaxy 
(crosses mark the objects 1 centers) t al¬ 
though redshifts indicate the objects 
are nine billion light-years apart. 


same in all directions) because of tur¬ 
bulence or the powerful jets of matter 
that quasars often emit. Such anisot¬ 
ropy could produce the sort of corre¬ 
lation mechanism that Wolf has stud¬ 
ied, generating redshifts that have 
hitherto been attributed to the qua¬ 
sars’ great distance from the earth. If 
confirmed, this finding could solve an¬ 
other quasar mystery: some quasar 
jets appear to be expanding faster 
than the speed of light. If quasars were 
significantly less distant than general¬ 
ly believed, the jets would be much 
smaller and their rate of expansion 
within the cosmic speed limit. 

Wolf is searching for more down-to- 
earth applications, such as methods 
for correcting satellite-tracking sig¬ 
nals and for improving reference stan¬ 
dards. He also reports interest from 
the Department of Defense, which is 
intrigued by the possibility that artifi¬ 
cially induced spectral modulation 
could provide the ultimate in coded 
communications, —Corey S. Powell 

BIOLOGICAL SCIENCES 


On to the Past 

A famed "living fossil" 
may finally face extinction 

T ime may finally be running out 
for the coelacanth, a group of 
ichthyologists warns. Although 
the ancient fish is inedible and lives 
only at depths greater than 70 meters, 
the investigators—banded together 
as the Coelacanth Conservation Coun¬ 
cil—say the high prices that speci¬ 
mens now command as well as Im¬ 
proved angling techniques are induc¬ 
ing fishermen in the Comoro Islands 
in the Indian Ocean to hunt them 
deliberately. 

Coelacanths, which can reach a 
length of five feet, are believed to be 
closely related to the evolutionary an¬ 
cestors of all land animals. They were 
thought to have gone extinct some 
70 million years ago; then, in 1938, a 
fisherman caught one. The living fos¬ 
sils have been found only in the wa¬ 
ters around the Comoros; the number 
surviving is not known, but according 
to one of the council’s founding mem¬ 
bers, Michael N, Bruton of the J.L,B. 
Smith Institute of Ichthyology in Gra¬ 
hams town, South Africa, the species 
may number only in the hundreds. 

Concern for this fragile population 
has recently spurred the council to 
condemn an ambitious plan by the 
Toba Aquarium in Japan to capture 


two live coelacanths, an event the 
council fears could trigger global com¬ 
petition. Hajime Nakamura, director of 
the coelacanth project at the aquari¬ 
um, says that If coelacanths can be 
caught and kept alive, two specimens 
wiU be brought back to Japan to be 
studied in preparation for a captive¬ 
breeding program. Council members 
question the feasibility of The plan, 
pointing out that coelacanths can sur¬ 
vive for only a few hours after being 
brought to the surface (probably be¬ 
cause the fish are sensitive to temper¬ 
ature and pressure changes). Naka¬ 
mura replies that his institution has 
developed a trap that provides a life- 
support system. He will not reveal how 
it works. 

The council doubts Nakamura’s as¬ 
surance. "If they are truly involving 
themselves in a scientific exercise the 
aquarium shouldn't be withholding 
information,’' Bruton argues, Bruton 
and colleagues remain unpersuaded 
on another count as well: because the 
coelacanth takes from 10 to 15 years 
to reach maturity, "we think captive 
propagation is absolute nonsense," he 
says, adding that "the coelacanth's 
status is so critical that we cannot 
afford to risk killing [coelacanths] to 
transport them halfway round the 
world ” The ichthyologists favor interr- 
sive study and conservation of the 
known wild populations instead. 

The coelacanth's defenders note 
that it was recently listed in Appendix 
I—the most protected category—of 
the Convention on International Trade 
in Endangered Species. Yet Nakamura 
disputes the coelacanth’s categoriza¬ 
tion as a rare species and says the 
Cites listing wifi not affect his project. 
The council's denunciation is "noth¬ 
ing but harassment resulting from the 
consciousness of territory of schol¬ 
ars,” he charges, — T.M.B . 


A Grave Tale 

Do whale remains help life 
spread on the deep-sea floor? 

J ust over a decade ago most scien¬ 
tists thought the deep-sea floor 
was a cold, dark desert. Then, in 
the late 1970’s, researchers found 
that underwater hot springs called 
hydrothermal vents support oases of 
life thousands of meters below the 
ocean’s surface. These ecosystems 
rely not on sunlight for their primary 
sustenance hut on chemicals spewed 
out by the vents; the chemicals nour¬ 
ish bacteria, which in turn anchor a 
food chain that includes unique spe- 


Scientirc American January 1990 13 










cies of clams, worms and other fauna. 

More recently similar chemosyn- 
thetie communities have been discov¬ 
ered around so-called cold seeps, 
where petroleum and other ener¬ 
gy-rich substances leak from below 
the ocean floor. Although many vents 
and seeps have now been identified, 
most cluster within relatively nar¬ 
row zones—usually midocean ridges 
or the margins of continents. How 
did the chemosynthetic creatures dis¬ 
perse to these widely separated 
zones? A serendipitous encounter by 
the research submarine Alvin has 
identified a possible stepping-stone— 
the graves of whales. 

The encounter occurred two years 
ago as researchers were making the 
last of a series of dives in the Santa 
Catalina Basin, some 35 kilometers 
southwest of Los Angeles. Taking pho¬ 
tographs at a depth of 1,240 meters, 
they noticed what looked like an out¬ 
crop of limestone. On closer inspec¬ 
tion, the formation turned out to be 
the skeleton of a blue or ftn whale 20 
meters long, “It was purely a lucky 
find," says Craig R, Smith of the Uni¬ 
versity of Hawaii at Manoa. 

Smith and other investigators from 
Hawaii and the University of Wash¬ 


ington returned to the site several 
times to take measurements and col¬ 
lect samples. The skeleton is sur¬ 
rounded by thick mats of bacteria and 
by dams and mussels similar to those 
that surround vents and seeps. No 
flesh is visible, but Smith suggests 
that the skeleton alone contains 
enough oil, lipids and other organic 
materials to support the ecosystem 
now and possibly for years to come. 
"There is a lot of energy in the bones,” 
he says. 

How old is the carcass? A spike 
of radioactive carbon 14 in the bones 
indicates that the whale died some¬ 
time after the superpowers began 
large-scale atmospheric testing of nu¬ 
clear weapons; that means the carcass 
must be less than 34 years old, accord¬ 
ing to Smith. The size of the dams on 
the carcass provides a lower age limit 
of at least three years. 

In a letter to Nature, Smith and 
his colleagues suggest that a typical 
whale carcass could support a che¬ 
mosynthetic ecosystem for at least 
five years. They estimate that deaths 
among gray whales alone could cre¬ 
ate at least 500 new deep-sea hab¬ 
itats a year in the North Pacific. Be¬ 
fore the advent of whaling, of course, 


The bones of a whale can support a community 
for years on the lightless deep-sea floor 




WHALE’S SKELETON (left) rests on the 
ocean floor in a mosaic of photographs 
taken from the research submarine 
Alvin. Mussels nestle in an eroded rib 
bone (above) recovered by the vessel . 


that number would have been much 
greater. —/.H, 


See Spot See Blue 

Curb that dogmaI 
Canines are not colorblind 


P erhaps because we envy their 
superior olfactory and auditory 
talents, we humans have long 
denigrated the eyesight of dogs. We 
have assumed that they inhabit a drab, 
black-and-white world, devoid of col¬ 
or. Now experiments done at the Uni¬ 
versity of California at Santa Barbara 
debunk this myth: although our color 
vision is more acute than theirs, our 
faithful friends can easily tell a blue 
hall from a red one. 

In the experiments, reported by Jay 
Neitz, Timothy Geist and Gerald H. 
Jacobs in Visual Neuroscience, dogs 
viewed three screens illuminated from 
behind by colored lights. Two of the 
screens displayed the same hue and 
the third a different one. The scien¬ 
tists trained the dogs to choose the 
odd-colored screen by poking it with 
their snouts. If they made the right 
choice, they received a cheese-and- 
beef-flavored pellet. 

The three dogs tested—two grey¬ 
hounds and a toy poodle—easily dis¬ 
cerned the difference between white 
and colored light and between colors 
at opposite ends of the spectrum, and 
they rivaled humans in telling apart 
closely related hues of violet and blue. 
Yet the dogs could not discriminate 
among colors from greenish-yellow 
through orange to red. 

The investigators concluded that 
dogs have two types of photorecep¬ 
tors: one responds only to the blue- 
and-violei end of the spectrum; the 
other responds primarily to reddish 
colors but can also dimly detect blues. 
The overlapping sensitivity of the two 
receptors to the blue side of the spec¬ 
trum allows dogs to distinguish be¬ 
tween closely related colors there, 
because different hues stimulate the 
two receptors in different propor¬ 
tions. The lack of dual sensitivity to 
the other side of the spectrum ac¬ 
counts for the dogs' inability to tell 
hunks of beef and cheese apart (based 
on color only, that is). 

In this way dogs resemble humans 
who have a partial colorblindness 
called deuteranopia. Most humans— 
indeed, most primates—have red-, 
blue- and green-sensitive photorecep¬ 
tors, which provide overlapping cover¬ 
age of the entire spectrum. But about 
one out of every 100 American males 
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COLOR PERCEPTION of dogs was tested at the University of California at Santa 
Barbara. If Retina, the toy poodle shown above , pushes the blue screen with her 
nose, she will receive a food pellet in the corresponding dish . 


is bom with a genetic defect that elim¬ 
inates the green-sensitive receptor* 
Deuteranopes, like dogs, are sensitive 
to blues but see greens, yellows, or¬ 
anges and reds as one shade. 

Whence came the myth of total ca¬ 
nine colorblindness? According to Ja¬ 
cobs, the most recent investigation 
into the subject, done in 1969, provid¬ 
ed some evidence that dogs see color 
but was not "compelling.” (One prob¬ 
lem was that the experiments did not 
test whether the dogs were respond¬ 
ing to differences in brightness rather 
than color,) Many scientists apparent¬ 
ly preferred to believe earlier reports 
that came to the opposite conclusion. 
Some textbook writers, extrapolating 
from these spurious findings, even 
proclaimed that all nonprimate mam¬ 
mals were colorblind. 

Actually, Jacobs says, experiments 
by his group and others have found 
evidence—physiological and behav¬ 
ioral—of two-receptor color vision in 
squirrels, shrews, pigs and cats as 
well as dogs. Indeed, although a few 
strongly nocturnal mammals—such 
as rats and hamsters—have been 
shown to be completely colorblind, 
Jacobs speculates that most mammals 
share to some extent our colorful vi¬ 
sion of the world. —J.H. 

MEDICINE 


Nervous Excitement 

Studies of nerve regeneration 
take a step forward 

N erves in the brain and spinal 
cord of mammals do not natu¬ 
rally grow back If they are cut 
or badly injured. Consequently, peo¬ 
ple who have suffered injuries to the 
central nervous system can be per¬ 
manently disabled It was observed 
early in the 1980’s, however, that ma¬ 
ture damaged neurons could some¬ 
times re grow their axons—the armlike 
extensions along which they transmit 
signals—through grafts from periph¬ 
eral nerves in the limbs, which can 
often regenerate naturally. The pe¬ 
ripheral nerve tissue serves as a 
bridge for guiding (and perhaps stim¬ 
ulating) the regrowth of axons. 

David A. Carter, Garth M. Bray and 
Albert J. Aguayo of the Montreal Gen¬ 
eral Hospital and the Center for Re¬ 
search in Neuroscience at McGill Uni¬ 
versity have now reported in the Jour¬ 
nal of Neuroscience that regenerated 
neurons can form synaptic connec¬ 
tions with other neurons that are vir¬ 


tually identical to those of normal 
cells. Carter and his colleagues cut the 
optic nerves of four hamsters, then 
grafted a three-centimeter length of 
peripheral nerve between the injured 
retinal neurons and their normal des¬ 
tination in the brain, an area called the 
superior colliculus. 

After about seven weeks. Carter's 
group found that the retinal neurons 
had regrown their axons into the su¬ 
perior colliculus and formed structur¬ 
ally normal synapses with the superi¬ 
or colliculus neurons. Equally impor¬ 
tant, the regenerated neurons had 
made their connections within the 
correct layer of the superior colliculus 
and to the appropriate structures (the 
antenna like dendrites ratheT than the 
neural cell bodies). 

The next question was whether 
these seemingly normal synapses 
could pass electrical signals from one 
neuron to the next; a report appearing 
in Science demonstrates that the an¬ 
swer is yes. Susan A, Keirstead, Mi¬ 
chael Rasminsky and Yu taka Fukuda, 
working in collaboration with Carter, 
Aguayo and Manuel Vidal-Sanz of Mc¬ 
Gill, experimented on eight hamsters 
that had received grafts to reconnect 
their optic nerves about four months 
previously. Keirstead and her col¬ 
leagues flashed a light in each an¬ 
imal's eyes and monitored activity 
in the superior colliculus with elec¬ 
trodes. They found that excitement of 
the retina with light did evoke excita¬ 
tory and inhibitory activity in the su¬ 
perior colliculus neurons, a dear indi¬ 
cation that the synapses between the 


regenerated axons and their superi¬ 
or colliculus targets were, in at least 
some respects, functional 

By no means does this suggest that 
the hamsters had regained their sight. 
As Rasminsky points out, “We have as 
yet little information about the num¬ 
ber and appropriateness of the recon¬ 
nections made by the regenerated 
axons. Obviously, one of the many di¬ 
rections for future research is deter¬ 
mining how much specificity there is 
In the pattern of reconnections.” 

Mary' Ellen Michel, who manages 
a program studying central nervous 
system injuries and regeneration at 
the National Institutes of Health, ech¬ 
oes Rasmin sky's caution; "It's a long 
way from this kind of demonstration 
to people walking after a spinal cord 
injury, but it does help keep the hope 
alive." —John Rennie 


Sleep of the Guilty 

77ie case of the bulimic, 
herpetophobic somnambulist 

S hould people be held respon¬ 
sible for crimes they commit 
while sleeping? The prevailing 
view among psychiatrists is that they 
should not, because, as one expert in 
the held has stated, “the sleeping 
mind cannot form an intent." In a 
recent letter to Lancet , Peter Roper, a 
psychiatrist at McGill University, chal¬ 
lenges this view. He offers as contrary 
evidence the case of the bulimic, her¬ 
petophobic somnambulist. 
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A Montreal housewife, she could 
control her urge to gorge while awake. 
But at night, Roper writes, "she would 
sleepwalk to her refrigerator and eat 
anything that was there—raw meat, 
butter, uncooked vegetables. If she 
woke sufficiently to realize what she 
was doing she would feel disgusted 
and return to bed—but usually she 
was unaware of her nocturnal for¬ 
ays until discarded wrappers, food 
remnants, and general disorder were 
found in the kitchen in the morning/ 1 

On psychoanalyzing the woman, 
Roper found that she also had an in¬ 
tense fear of snakes. Indeed, she was 
terrified even of a mbber snake that 
belonged to one of her two children. 
Roper decided to pit her phobia 
against her bulimia. He instructed 
the woman's husband to set the toy 
snake on a table near the refrigerator 
every night before he and his wife 
went to bed. 

The ploy worked. Over the next two 
and a half years, the woman raided 
the refrigerator on a total of only six 
nights. On each of these occasions, 
the woman confessed to Roper later, 
she had noticed before retiring that 
her husband had forgotten to put the 
snake out; she neglected to remind 
him of his duty. 

On these nights, Roper points out, 
the sleeping woman exploited knowl¬ 
edge gained while she was awake to 
satisfy her compulsive desire for food. 
Clearly, he says, sleepwalkers are not 
the mindless automatons that some 
psychiatrists have depicted them as. 
"The concept that 'the sleeping mind 
cannot form an intent/” he concludes, 
“may therefore be misleading, and 
doctors should take this into account 
when giving expert testimony in crimi¬ 
nal cases involving sleepwalking” 

Such cases are unusual but not 
unheard of, according to Roper. He 
notes that several years ago, for exam¬ 
ple, a man living in the Toronto area 
claimed he was asleep when he drove 
10 miles to the home of his mother-in- 
law and then heat and stabbed her to 
death. The jury acquitted him. —J.H. 

PROFILE 


Claude E. Shannon 

Unicyclist, juggler and 
father of information theory 

C laude E. Shannon can't sit still. 
We're at his home, a stuccoed 
Victorian edifice overlooking a 
lake north of Boston, and I'm trying to 


get him to recall how he came up with 
the theory of information. But Shan¬ 
non, who is a boyish 73, with an elfish 
grin and a shock of snowy hair, is tired 
of expounding on his past. Wouldn't 1 
rather see his toys? 

Without waiting for an answer, and 
over the mild protests of his wife, 
Betty, he leaps from his chair and 
disappears into the other room. When 
I catch up with him, he proudly shows 
me his seven chess-playing machines, 
gasoline-powered pogostick, hundred- 
bladed jackknife, two-seated unicycle 
and countless other marvels. Some of 
his personal creations—such as a jug¬ 
gling W. C. Fields mannequin and a 
computer called thrqrac that calcu¬ 
lates in Roman numerals—are a bit 
dusty and in disrepair, but Shannon 
seems as delighted with everything as 
a 10-year-old on Christmas morning. 

Is this the man who, as a young 
engineer at Bell Laboratories in 1948, 
wrote the Magna Carta of the informa¬ 
tion age: “The Mathematical Theory 
of Communication”? Whose work Rob¬ 
ert W. Lucky, executive director of re¬ 
search at AT&T Bell Laboratories, calls 
the greatest “in the annals of techno¬ 
logical thought”? Whose “pioneering 
insight” IBM Fellow Rolf W, Landau- 
er equates with Einstein’s? Yes. This 
is also the man who invented a rock¬ 
et-powered Frishee and who juggled 
while riding a unicyde through the 
hal ls of Bell Labs. *Tve always pursued 
my interests without much regard to 
financial value or value to the world," 
Shannon says. "IYe spent lots of time 
on totally useless things/ 1 

From childhood on, Shannon was 
fascinated by both the particulars 
of hardware and the generalities of 
mathematics. Growing up in Gaylord, 
Mich., he tinkered with erector sets 
and radios given to him by his father, a 
probate judge, and solved mathemati¬ 
cal puzzles supplied by his older sis¬ 
ter, Catherine, who became a profes¬ 
sor of mathematics. As an undergrad¬ 
uate at the University of Michigan he 
majored in electrical engineering and 
mathematics. 

His familiarity with the two fields 
helped him notch his first big suc¬ 
cess while he was still a graduate stu¬ 
dent at the Massachusetts Institute of 
Technology. In his master's thesis he 
showed how an algebra invented in 
the mid-1800's by the British mathe¬ 
matician George Boole—which deals 
with such concepts as "if X or Y hap¬ 
pens and not Z, then Q results"—could 
represent the workings of switches 
and relays in electronic circuits. 

The implications of the paper were 
profound: engineers now routinely de¬ 


sign computer hardware and software, 
telephone networks and other sys¬ 
tems with the aid of Boolean algebra. 
Shannon downplays the discovery. "It 
just happened that no one else was 
familiar with both those fields at the 
same time,” he says. He adds, after a 
moment of reflection, 'Tve always 
loved that word, ‘Boolean/” 

In 1941, a year after obtaining his 
Ph.D. from M.I.T., Shannon went to 
Bell Labs. During World War H his 
official responsibility was develop¬ 
ing cryptographic systems, but on his 
own time he nurtured the ideas that 
were to evolve into information theo¬ 
ry. Shannon's initial goal was simple: 
to improve the transmission of infor¬ 
mation over a telegraph or telephone 
line affected by electrical interference, 
or noise. The best solution, he decid¬ 
ed, was not to improve transmission 
lines hut to package information more 
efficiently. 

What is information? Sidestepping 
questions about meaning, Shannon 
showed that it is a measurable com¬ 
modity: the amount of information in 
a given message is a function of the 
probability that—out of all the mes¬ 
sages that could be sent—it would 
be selected. He defined the overall po¬ 
tential for information in a system 
of messages as its “entropy," which 
in thermodynamics denotes the ran¬ 
domness—or “shuffledness," if you 
will“Of a system. {Shannon once said 
that the great mathematician John von 
Neumann had urged him to use the 
term entropy, pointing out that since 
no one really knows what it means, 
Shannon would have an advantage in 
debates about his theory.) 

Shannon defined the basic unit of 
information, which came to be called a 
bit, as a message representing one of 
two choices: heads or tails, for exam¬ 
ple, or yes or no. One could encode 
great amounts of information in bits, 
just as in the old game "20 Questions” 
one could quickly zero in on a correct 
answer through deft questioning. A bit 
can be represented as a one or a zero 
or as the presence or absence of cur¬ 
rent in a wire. 

Building on this mathematical foun¬ 
dation, Shannon then showed that 
any given communications channel 
has a maximum capacity for relia¬ 
bly transmitting information. Actually 
he showed that although one can ap¬ 
proach this maximum through clever 
coding, one can never quite reach it. 
The maximum has come to be knowm 
as the Shannon limit. 

How does one approach the Shan¬ 
non limit? The first step is to elimi¬ 
nate redundancy. Just as a laconic 
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suitor might write “I Iv u” in his billet- 
doux, so will a good code compress 
information to its most compact form. 
The code then adds just enough re¬ 
dundancy to ensure that the stripped- 
down message is not obscured by 
noise. For example, a code processing 
a stream of numbers might add a 
polynomial equation on whose graph 
the numbers all fall The decoder on 
the receiving end knows that any num¬ 
bers that diverge from the graph have 
been altered in transmission. 

Shannon's ideas were almost too 
prescient to have an immediate practi¬ 
cal impact Vacuum-tube circuits sim¬ 
ply could not calculate the complex 
codes needed to approach the Shan¬ 
non limit hi fact, not until the early 
1970’s—with the advent of high-speed 
integrated circuits—did engineers be¬ 
gin fully to exploit information theory. 
Today Shannon's insights help shape 
virtually all systems that store, proc¬ 
ess or transmit information in digital 
form, from compact disks to comput¬ 
ers, from facsimile machines to deep- 
space probes such as Voyager. 

Information theory has also infil¬ 
trated fields outside of communica¬ 
tions, including linguistics, psycholo¬ 
gy, economics, biology, even the arts. 
In the early 1970‘s the IEEE Transac¬ 
tions on Information Theory published 
an editorial, tided “Information The¬ 
ory, Photosynthesis and Religion" de¬ 
crying this trend Yet Shannon himself 
suggests that applying information 
theory to biological systems may not 
be so farfetched, because in his view 
common principles underlie mechan¬ 
ical and living things. "You bet, 1 ’ he 
replies, when asked whether he thinks 
machines can think. Tm a machine 
and you’re a machine, and we both 
think, don’t we?" 

Indeed, Shannon was one of the first 
engineers to propose that machines 
could be programmed to play games 
and perform other complex tasks [see 
"A Chess-Playing Machine/ 1 by Claude 
E. Shannon; Scientific American, Feb¬ 
ruary, 1950], In 1950 he built Theseus, 
a mechanical mouse that—guided by a 
magnet and a mass of circuitry under 
the floor—could learn how to find 
its way out of a maze. The invention 
inspired the Institute of Electrical 
and Electronics Engineers to initiate a 
"micromouse" contest in which thou¬ 
sands of engineering students world¬ 
wide now participate. 

He built a "mind-reading" machine 
that played the game of penny-match¬ 
ing, in which one person tries to guess 
whether the other has chosen heads 
or tails. A colleague at Bell Labs, David 
W. Hagelbarger, built the prototype; 


the machine recorded and analyzed 
its opponent’s past choices, looking 
for patterns that would foretell the 
next choice. Because it is almost im¬ 
possible for a human to avoid falling 
into such patterns, the machine won 
more than 50 percent of the time. 
Shannon then built his own version 
and challenged Hagelbarger to a leg¬ 
endary duel Shannon’s machine won. 

Shannon left Bell Labs to become 
a professor at M.I.T. in 1956. Since 
his formal retirement in 1978, his 
great obsession has been juggling. He 
has built several juggling machines 
and devised what may be the unified 
field theory of juggling: if B equals 
the number of balls, H the number of 
hands, D the time each bail spends in 
a hand, F the time of flight of each 
ball and £ the time each hand is emp¬ 
ty, then B/H-(D+F)/(D+£). (Un¬ 
fortunately, the theory never helped 
Shannon break his personal record 
of four balls at once.) Shannon has 
also developed various mathemati¬ 
cal models of the stock market and 
tested them—successfully, he says— 
on his own portfolio. He has even 
dabbled in poetry: among his works 
is A Rubric on Rubik Cables, set to 


the meter of “Ta-Ra-Ra-Boom-De-Aye.” 

Shannon has published little on 
information theory, however, since 
the late 1950’s. Some former Bell col¬ 
leagues suggest that Shannon had 
"burned out" and tired of the field 
he created, but Shannon denies it. He 
says he continued to study various 
problems in information theory—at 
least through the 1960’s—but did 
not consider his investigations good 
enough to publish. "Most great mathe¬ 
maticians have done their finest work 
when they were young," he says. 

in 1985 Shannon and his wife decid¬ 
ed on a whim to visit the International 
Information Theory Symposium being 
held in Brighton, England. He had not 
attended a meeting in many years, and 
at first no one noticed him. Then word 
raced around the conference: that shy, 
white-haired gent wandering in and 
out of technical sessions was Claude 
E, Shannon. At the banquet, Shannon 
said a few words, briefly juggled three 
balls and then signed autographs for 
a long line of engineers. Recalls Rob¬ 
ert J. McEliece of the California Insti¬ 
tute of Technology, "It was as if New¬ 
ton had showed up at a physics con¬ 
ference.” —John Morgan 


Asked if machines think, Shannon answers: You bet 
We’re machines, and we think, don’t we? 



THESEUS, a mechanical mouse , is shown with its inventor, Claude £. Shannon, in a 
1952 photograph from Bell Laboratories. The mouse “learns” to find its way out of 
a maze with the help of a magnet guided by circuitry beneath the maze . 
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Artificial Intelligence: 
A Debate 



A 


attempts to produce thinking machines have met during the past 35years 
with a curious mix of progress and failure. Computers have mastered intellectual 
tasks such as chess and integral calculus, but they have yet to attain the skills of a 
lobster in dealing with the real world. Some outside the AI field have argued that 
the quest is bound to fail: computers by their nature are incapable of true cognition. 

In the following pages, John R. Searle of the University of California at Berkeley 
maintains that computer programs can never give rise to minds. On the other side, 
Paul M. Churchland and Patricia Smith Churchland of the University of California 
at San Diego claim that circuits modeled on the brain might well achieve intelli¬ 
gence. Behind this debate lies the question. What does it mean to think ? The issue 
has intrigued people (the only entities known to think) for millennia. Computers 
that so far do not think have given the. question a new slant and struck down 
many candidate answers. A definitive one remains to be found. 
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Is the Brain’s Mind 
a Computer Program? 

No. A program merely manipulates symbols, 
whereas a brain attaches meaning to them 

by John R. Searle 


C an a machine think? Can a ma¬ 
chine have conscious thoughts 
in exactly the same sense that 
you and I have? if by “machine” one 
means a physical system capable of 
performing certain functions (and 
what else can one mean?), then hu¬ 
mans are machines of a special biolog¬ 
ical kind, and humans can think, and 
so of course machines can think. And, 
for all we know, it might be possible 
to produce a thinking machine out 
of different materials altogether—say, 
out of silicon chips or vacuum tubes. 
Maybe it will turn out to be impossible, 
but we certainly do not know that yet. 

In recent decades, however, the 
question of whether a machine can 
think has been given a different inter¬ 
pretation entirely. The question that 
has been posed in its place is, Could 
a machine think just by virtue of im¬ 
plementing a computer program? Is 
the program by itself constitutive of 
thinking? This is a completely differ¬ 
ent question because it is not aboul 
the physical, causal properties of actu¬ 
al or possible physical systems but 
rather about the abstract, computa¬ 
tional properties of formal computer 
programs that can be implemented in 
any sort of substance at all, provided 
only that the substance is able to carry 
the program. 

A fair number of researchers in arti¬ 
ficial intelligence (AJ) believe the an¬ 
swer to the second question is yes; 
that is, they believe that by designing 
the right programs with the right in¬ 
puts and outputs, they are literally 
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creating minds. They believe further¬ 
more that they have a scientific test 
for determining success or failure: the 
Turing test devised by Alan M. Turing, 
the founding father of artificial intelli¬ 
gence. The Turing test, as currently 
understood, is simply this: if a com¬ 
puter can perform in such a w ? ay that 
an expert cannot distinguish its per¬ 
formance from that of a human who 
has a certain cognitive ability—say, 
the ability to do addition or to un¬ 
derstand Chinese—then the computer 
also has that ability . So the goal is to 
design programs that will simulate 
human cognition in such a way as to 
pass the Turing test. What is more, 
such a program w F ould not merely be a 
model of the mind; it would literally 
be a mind, in the same sense that a 
human mind is a mind. 

By no means does every worker 
in artificial intelligence accept so ex¬ 
treme a view. A more cautious ap¬ 
proach is to think of computer models 
as being useful in studying the mind 
in the same way that they are useful 
in studying the weather, economics 
or molecular biology. To distinguish 
these two approaches, 1 call the first 
strong AJ and the second weak AT It is 
Important to see just how bold an 
approach strong AI is. Strong AJ claims 
that thinking is merely the manipula¬ 
tion of formal symbols, and that is 
exactly what the computer does: ma¬ 
nipulate formal symbols. This view is 
often summarized by saying, “The 
mind is to the brain as the program is 
to the hardware." 

S trong .41 is unusual among theo¬ 
ries of the mind in at least two 
respects: it can be stated clearly, 
and it admits of a simple and decisive 
refutation. The refutation is one that 
any person can try for himself or her¬ 
self. Here is how it goes. Consider a 
language you don’t understand. In my 
case, I do not understand Chinese. To 


me Chinese writing looks like so many 
meaningless squiggles. Now suppose I 
am placed in a room containing bas¬ 
kets full of Chinese symbols. Suppose 
also that I am given a rule book in 
English for matching Chinese symbols 
with other Chinese symbols. The rules 
identify the symbols entirely by their 
shapes and do not require that I un¬ 
derstand any of them. The rules might 
say such things as, "Take a squiggle- 
squiggle sign from basket number one 
and put it next to a squoggle-squoggle 
sign from basket number two.” 

Imagine that people outside the 
room who understand Chinese hand 
in small bunches of symbols and that 
in response I manipulate the symbols 
according to the rule book and hand 
back more small bunches of symbols. 
Now, the rule book is the “computer 
program." The people who wrote it are 
"programmers,” and I am the “com¬ 
puter." The baskets full of symbols 
are the “data base," the small bunches 
that are handed in to me are “ques¬ 
tions” and the bunches I then hand out 
are "answers." 

Now suppose that the rule book is 
written in such a way that my “an¬ 
swers" to the “questions" are indistin¬ 
guishable from those of a native Chi¬ 
nese speaker. For example, the people 
outside might hand me some symbols 
that unknown to me mean, “What's 
your favorite color?" and I might after 
going through the rules give back 
symbols that, also unknown to me, 
mean, “My favorite is blue, but I also 
like green a lot." I satisfy the Turing 
test for understanding Chinese. All the 
same, 1 am totally ignorant of Chinese. 
And there is no way I could come to 
understand Chinese in the system as 
described, since there is no way that ] 
can learn the meanings of any of the 
symbols. Like a computer, I manipu¬ 
late symbols, but I attach no meaning 
to the symbols. 

The point of the thought experi¬ 
ment is this: if J do not understand 
Chinese solely on the basis of running 
a computer program for understand¬ 
ing Chinese, then neither does any 
other digital computer solely on that 
basis. Digital computers merely ma¬ 
nipulate formal symbols according to 
rules in the program. 

What goes for Chinese goes for oth¬ 
er forms of cognition as well. Just 
manipulating the symbols is not by 
itself enough to guarantee cognition, 
perception, understanding, thinking 
and so forth. .And since computers, 
qua computers, are symbol-manip¬ 
ulating devices, merely marling the 
computer program is not enough to 
guarantee cognition. 


20 Scientific .American January 1990 





This simple argument is decisive 
against the claims of strong AL. The 
first premise of the argument simply 
states the formal character of a com¬ 
puter program. Programs are defined 
in terms of symbol manipulations, 
and the symbols are purely formal* 
or “syntactic.” The formal character 
of the program, by the way, is what 
makes computers so powerful. The 
same program can be run on an indefi¬ 
nite variety of hardwares, and one 
hardware system can run an indefinite 
range of computer programs. Let me 
abbreviate this “axiom” as 
Axiom 1. Computer programs are 
formal (syntactic). 

This point is so crucial that it is 
worth explaining in more detail. A dig¬ 
ital computer processes information 
by first encoding it in the symbolism 
that the computer uses and then ma¬ 
nipulating the symbols through a set 
of precisely stated rules. These rules 
constitute the program. For example, 
in Turing’s early theory of computers, 
the symbols were simply 0’s and I T s, 
and the rules of the program said such 
things as, “Prim a 0 on the tape, move 
one square to the left and erase a 1 ” 
The astonishing thing about comput¬ 
ers is that any information that can be 
stated in a language can be encoded in 
such a system, and any information¬ 
processing task that can be solved by 
explicit rules can be programmed. 

T wo further points are important. 
First, symbols and programs are 
purely abstract notions: they 
have no essential physical properties 
to define them and can be implement¬ 
ed in any physical medium whatsoev¬ 
er. The 0’s and 1 ’s, qua symbols, have 
no essential physical properties and a 
fortiori have no physical, causal prop¬ 
erties. I emphasize this point because 
it is tempting to identify computers 
with some specific technology—say, 
silicon chips—and to think that the 
issues are about the physics of silicon 
chips or to think that syntax identi¬ 
fies some physical phenomenon that 
might have as yet unknown causal 
powers, in the way that actual physi¬ 
cal phenomena such as electromagnet¬ 
ic radiation or hydrogen atoms have 
physical, causal properties. The sec¬ 
ond point is that symbols are manipu¬ 
lated without reference to any mean¬ 
ings. The symbols of the program can 
stand for anything the programmer or 
user wants. In this sense the program 
has syntax but no semantics. 

The next axiom is just a reminder of 
the obvious fact that thoughts, per¬ 
ceptions, understandings and so forth 
have a mental content. By virtue of 


their content they can be about ob¬ 
jects and states of affairs in the world. 
If the content involves language, there 
will be syntax in addition to seman¬ 
tics, but linguistic understanding re¬ 
quires at least a semantic framework. 
If, for example, I am thinking about 
the last presidential election, certain 
words will go through my mind, hut 
the words are about the election only 
because I attach specific meanings to 
these words, in accordance with my 
knowledge of English. In this respect 
they are unlike Chinese symbols for 
me. Let me abbreviate this axiom as 

Axiom 2. Human minds have mental 
contents (semantics). 

Now let me add the point that the 
Chinese room demonstrated. Having 
the symbols by themselves—just hav¬ 
ing the syntax—is not sufficient for 
having the semantics. Merely manipu¬ 
lating symbols is not enough to guar¬ 
antee knowledge of what they mean. I 
shall abbreviate this as 

Axiom 3. Syntax by itself is nei¬ 
ther constitutive of nor sufficient for 
semantics . 

At one level this principle is true by 
definition. One might, of course, de¬ 
fine the terms syntax and semantics 
differently. The point is that there is a 
distinction between formal elements, 
which have no intrinsic meaning or 
content, and those phenomena that 
have intrinsic content. From these 
premises it follows that 

Conclusion 1. Programs are neither 
constitutive of nor sufficient for minds. 

And that is just another way of say¬ 
ing that strong Al is false. 


It is important to see what is proved 
and not proved by this argument. 

First, I have not tried to prove that “a 
computer cannot think.” Since any¬ 
thing that can be simulated computa¬ 
tionally can be described as a comput¬ 
er, and since our brains can at some 
levels be simulated, it follows trivial¬ 
ly that our brains are computers and 
they can certainly think. But from the 
fact that a system can be simulated by 
symbol manipulation and the fact that 
it is thinking, it does not follow that 
thinking is equivalent to formal sym¬ 
bol manipulation. 

Second, I have not tried to show that 
only biologically based systems like 
our brains can think. Right now those 
are the only systems we know for a 
fact can think, but we might find oth¬ 
er systems in the universe that can 
produce conscious thoughts, and we 
might even come to be able to create 
thinking systems artific tally. I regard 
this issue as up for grabs. 

Third, strong AI’s thesis is not that, 
for all we know, computers with the 
right programs might be thinking, that 
they might have some as yet undetect¬ 
ed psychological properties: rather it 
is that they must be thinking because 
that is ail there is to thinking. 

Fourth, I have Tried to refute strong 
Al so defined, 1 have tried to demon¬ 
strate that the program by itself is not 
constitutive of thinking because the 
program is purely a matter of formal 
symbol manipulation—and we know r 
independently that symbol manipula¬ 
tions by themselves are not sufficient 
to guarantee the presence of mean- 
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Computer programs are formal (syntactic). 
Human minds have mental contents (semantics) 


mgs. That is the principle on which the 
Chinese room argument works. 

1 emphasize these points here partly 
because it seems to me the Church- 
lands [see "Could a Machine Think?" 
by Paul M. Churchland and Patricia 
Smith Churchland, page 26] have not 
quite understood the issues. They 
think that strong Al is claiming that 
computers might turn out to think 
and that I am denying this possibility 
on commonsense grounds. But that is 
not the claim of strong AI, and my 
argument against it has nothing to do 
with common sense. 

I will have more to say about 
their objections later* Meanwhile 1 
should point out that, contrary to 
what the Churchlands suggest, the 
Chinese room argument also refutes 
any strong-AJ claims made for the new 
parallel technologies that are inspired 
by and modeled on neural networks* 
Unlike the traditional von Neumann 
computer, which proceeds in a step- 
by-step fashion, these systems have 
many computational elements that 
operate in parallel and interact with 
one another according to rules in¬ 
spired by neurobiology. Although the 
results are still modest, these "parallel 
distributed processing,” or “connec¬ 
tionist," models raise useful questions 
about how complex, parallel network 
systems like those in brains might 
actually function in the production of 
intelligent behavior. 


The parallel, “brainlike” character of 
the processing, however, is irrelevant 
to the purely computational aspects 
of the process. Any function that can 
be computed on a parallel machine 
can also be computed on a serial ma¬ 
chine, Indeed, because parallel ma¬ 
chines are still rare, connectionist pro¬ 
grams are usually run on traditional 
serial machines. Parallel processing, 
then, does not afford a way around the 
Chinese room argument. 

What is more, the connectionist sys¬ 
tem is subject even on its own terms 
to a variant of the objection present¬ 
ed by the original Chinese room ar¬ 
gument. Imagine that instead of a Chi¬ 
nese room, I have a Chinese gym; a 
hall containing many monolingual, En¬ 
glish-speaking men. These men would 
carry out the same operations as the 
nodes and synapses in a connection¬ 
ist architecture as described by the 
Churchlands, and the outcome would 
be the same as having one man ma¬ 
nipulate symbols according to a rule 
book. No one in the gym speaks a 
word of Chinese, and there is no way 
for the system as a whole to learn 
the meanings of any Chinese words. 
Yet with appropriate adjustments, the 
system could give the correct answers 
to Chinese questions. 

There are, as I suggested earlier, 
interesting properties of connection¬ 
ist nets that enable them to simulate 
brain processes more accurately than 


traditional serial architecture does. 
But the advantages of parallel archi¬ 
tecture for weak ,41 are quite irrele¬ 
vant to the issues between the Chinese 
room argument and strong Al. 

The Churchlands miss this point 
when they say that a big enough Chi¬ 
nese gym might have higheF-level 
mental features that emerge from the 
size and complexity of the system, 
just as whole brains have mental fea¬ 
tures that are not had by individual 
neurons. That is, of course, a possibili¬ 
ty, but it has nothing to do with com¬ 
putation. Computationally, serial and 
parallel systems are equivalent: any 
computation that can be done in par¬ 
allel can be done in serial. If the man in 
the Chinese room is computationally 
equivalent to both, then if he does not 
understand Chinese solely by virtue of 
doing the computations, neither do 
they. The Churchlands are correct in 
saying that the original Chinese room 
argument was designed with tradi¬ 
tional AI in mind but wrong in thinking 
that connectionism is immune to the 
argument. It applies to any computa¬ 
tional system. You can't gel semanti¬ 
cally loaded thought contents from 
formal computations alone, whether 
they are done in serial or in parallel; 
that is why the Chinese room argu¬ 
ment refutes strong Al in any form. 

M any people who are impressed 
by this argument are none¬ 
theless puzzled about the dif¬ 
ferences between people and comput¬ 
ers. if humans are, at least in a triv¬ 
ial sense, computers, and if humans 
have a semantics, then why couldn't 
we give semantics to other com¬ 
puters? Why couldn’t we program a 
Vax or a Cray so that it too would 
have thoughts and feelings? Or why 
couldn't some new computer technol¬ 
ogy' overcome the gulf between form 
and content, between syntax and se¬ 
mantics? What, in fact, are the differ¬ 
ences between animal brains and com¬ 
puter systems that enable the Chinese 
room argument to work against com¬ 
puters but not against brains? 

The most obvious difference is that 
the processes that define something 
as a computer—compulationa! proc¬ 
esses—are completely independent 
of any reference to a specific type of 
hardware implementation. One could 
in principle make a computer out of 
old beer cans strung together with 
wires and powered by windmills. 

But when it comes to brains, al¬ 
though science is largely ignorant of 
how brains function to produce men¬ 
tal states, one is struck by the extreme 
specificity of the anatomy and the 
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physiology. Where some understand¬ 
ing exists of how brain processes 
produce mental phenomena—for ex¬ 
ample, pain, thirst, vision, smell—it 
is dear that specific neurobiologica] 
processes are involved. Thirst, at least 
of certain kinds, is caused by certain 
types of neuron firings in the hypo¬ 
thalamus, which in turn are caused by 
the action of a specific peptide, angio¬ 
tensin II* The causation is from the 
"bottom up" in the sense that lower- 
level neuronal processes cause high¬ 
er-level mental phenomena. Indeed, as 
far as we know, every “mental” event, 
ranging from feelings of thirst to 
thoughts of mathematical theorems 
and memories of childhood, is caused 
by specific neurons firing in specific 
neural architectures. 

But why should this specificity mat¬ 
ter? AfteT all, neuron firings could 
be simulated on computers that had 
a completely different physics and 
chemistry from that of the brain. The 
answer is that the brain does not 
merely instantiate a formal pattern or 
program (it does that, too), but it also 
causes mental events by virtue of spe¬ 
cific neurobiological processes* Brains 
are specific biological organs, and 
their specific biochemical properties 
enable them to cause consciousness 
and other sorts of mental phenomena. 
Computer simulations of brain proc¬ 
esses provide models of the formal 
aspects of these processes. But the 
simulation should not be confused 
with duplication. The computational 
model of mental processes is no more 
real than the computational model of 
any other natural phenomenon. 

One can imagine a computer simula¬ 
tion of the action of peptides tn the 
hypothalamus that is accurate down 
to the last synapse. But equally one 
can imagine a computer simulation of 
the oxidation of hydrocarbons in a car 
engine or the action of digestive proc¬ 
esses m a stomach when it is digesting 
pizza. And the simulation is no more 
the real thing in the case of the brain 
than it is in the case of the car or the 
stomach. Barring miracles, you could 
not run your car by doing a computer 
simulation of the oxidation of gaso¬ 
line, and you could not digest pizza by 
running the program that simulates 
such digestion. It seems obvious that a 
simulation of cognition will similarly 
not produce the effects of the neuro- 
biology of cognition. 

All mental phenomena, then, are 
caused by neurophysiological proc¬ 
esses in the brain. Hence, 

Axiom 4* Brains cause minds. 

In conjunction with my earlier deri¬ 
vation, I immediately derive, trivially, 


Conclusion 2. Any other system ca¬ 
pable of causing minds would have to 
have causa! powers (at least) equiva¬ 
lent to those of brains. 

This is like saying that if an electri¬ 
cal engine is to be able to run a car 
as fast as a gas engine, it must have 
(at least) an equivalent power output. 
This conclusion says nothing about 
the mechanisms. As a matter of fact, 
cognition is a biological phenome¬ 
non: mental states and processes are 
caused by brain processes. This does 
not imply that only a biological system 
could think, but it does imply that any 
alternative system, whether made of 
silicon, beer cans or whatever, would 
have to have the relevant causal capac¬ 
ities equivalent to those of brains. So 
now I can derive 

Conclusion 3, Any artifact that pro¬ 
duced mental phenomena , any artifi¬ 
cial brain, would have to be able to 
duplicate the specific causal powers of 
brains, and it could not do that just by 
running a formal program * 

Furthermore, I can derive an impor¬ 
tant conclusion about human brains: 

Conclusion 4. The way that human 
brains actually produce mental phe¬ 
nomena cannot be solely by virtue of 
running a computer program . 

I first presented the Chinese room 
parable in the pages of Behavioral 
and Brain Sciences in 1980, where 
it appeared, as is the practice of the 
journal, along with peer commentary, 
in this case, 26 commentaries. Frank¬ 
ly, l think the point it makes is rath¬ 
er obvious, but to my surprise the 
publication was followed by a fur¬ 
ther flood of objections that—more 
surprisingly—continues to the pres¬ 
ent day. The Chinese room argument 


clearly touched some sensitive nerve. 

The thesis of strong AI is that any 
system whatsoever—whether it is 
made of beer cans, silicon chips or 
toilet paper—not only might have 
thoughts and feelings but must have 
thoughts and feelings, provided only 
that it implements the right program, 
with the right inputs and outputs. 
Now, that is a profoundly antibiologi- 
cal view, and one would think that 
people in AI would be glad to abandon 
it. Many of them, especially the young¬ 
er generation, agree with me, but I am 
amazed at the number and vehemence 
of the defenders. Here are some of the 
common objections. 

a. In the Chinese room you really do 
understand Chinese, even though you 
don't know it. It is, after all, possible to 
understand something without know¬ 
ing that one understands it, 

b. You don't understand Chinese, 
but there is an (unconscious) subsys¬ 
tem in you that does* It is, after all, 
possible to have unconscious mental 
states, and there is no reason why 
your understanding of Chinese should 
not be wholly unconscious. 

c. You don't understand Chinese, 
but the whole room does* You are like 
a single neuron in the brain, and just 
as such a single neuron by itself can¬ 
not understand but only contributes 
to the understanding of the whole 
system, you don't understand, but the 
whole system does. 

d. Semantics doesn't exist anyway; 
there is only syntax. It is a kind of 
prescientific illusion to suppose that 
there exist in the brain some mys¬ 
terious “mental contents," “thought 
processes" or “semantics." All that 
exists in the brain is the same sort 
of syntactic symbol manipulation that 
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goes on in computers. Nothing more. 

e. You are not really running the 
computer program—you only think 
you are. Once you have a conscious 
agent going through the steps of the 
program, it ceases to be a case of 
implementing a program at all. 

f. Computers would have semantics 
and not just syntax if their inputs and 
outputs were put in appropriate caus¬ 
al relation to the rest of the world. 
Emagine that we put the computer into 
a robot, attached television cameras to 
the robot's head, installed transducers 
connecting the television messages to 
the computer and had the computer 
output operate the robot's arms and 
legs. Then the whole system would 
have a semantics, 

g. If the program simulated the 
operation of the brain of a Chinese 
speaker, then it would understand 
Chinese, Suppose that we simulated 
the brain of a Chinese person at the 
level of neurons. Then surely such a 
system would understand Chinese as 
well as any Chinese person's brain. 

And so on. 

All of these arguments share a com¬ 
mon feature: they are all inadequate 
because they fail to come to grips with 
the actual Chinese room argument 
That argument rests on the distinction 
between the formal symbol manipula¬ 
tion that is done by the computer and 
the mental contents biologically pro¬ 
duced by the brain, a distinction 1 have 
abbreviated—l hope not misleading¬ 
ly—as the distinction between syntax 
and semantics. I wilt not repeat my 
answers to all of 1 these objections, but 
it will help to clarify the issues if I 
explain the weaknesses of the most 
widely held objection, argument c— 
what 1 call the systems reply. (The 
brain simulator reply, argument g, is 
another popular one, but 1 have al¬ 
ready addressed that one in the previ¬ 
ous section.) 

T he systems reply asserts that 
of course you don't understand 
Chinese but the whole system— 
you, the room, the rule book, the 
bushel baskets full of symbols— 
does. When t first heard this explana¬ 
tion, 1 asked one of its proponents, 
“Do you mean the room understands 
Chinese?” His answer was yes. It is a 
daring move, but aside from its im- 
plausibility, it will not work on purely 
logical grounds. The point of the origi¬ 
nal argument was that symbol shuf¬ 
fling by itself does not give any access 
to the meanings of the symbols. But 
this is as much true of the whole 
room as it is of the person inside. 
One can see this point by extending 


the thought experiment. Imagine that 
I memorize the contents of the bas¬ 
kets and the rule book, and I do all 
the calculations in my head. You can 
even imagine that I work out in the 
open. There is nothing in the “sys¬ 
tem” that is not in me, and since 
I don't understand Chinese, neither 
does the system. 

The Church lands in their compan¬ 
ion piece produce a variant of the 
systems reply by imagining an amus¬ 
ing analogy. Suppose that someone 
said that light could not be electro¬ 
magnetic because if you shake a bar 
magnet in a dark room, the system 
still will not give off visible light. Now, 
the Churchlands ask, is not the Chi¬ 
nese room argument just like that? 
Docs it not merely say that if you 
shake Chinese symbols in a semanti¬ 
cally dark room, they will not give off 
the light of Chinese understanding? 
But just as later investigation showed 


that light was entirely constituted by 
electromagnetic radiation, could not 
later investigation also show r that se¬ 
mantics are entirely constituted of 
syntax? Is this not a question for fur¬ 
ther scientific investigation? 

Arguments from analogy' are notori¬ 
ously weak, because before one can 
make the argument work, one has to 
establish that the two cases are truly 
analogous. And here 1 think they are 
not. The account of light in terms of 
electromagnetic radiation is a caus¬ 
al story right down to the ground. 
It is a causal account of the physics 
of electromagnetic radiation. But the 
analogy with formal symbols fails be¬ 
cause formal symbols have no phys¬ 
ical, causal powers. The only power 
that symbols have, qua symbols, is the 
power to cause the next step in the 
program when the machine is running. 
And there is no question of wailing on 
further research to reveal the physical, 
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causal properties of 0’s and l T s. The 
only relevant properties of Q’s and 1 ’s 
are abstract computational properties, 
and they are already well known. 

The Churchlands complain that I am 
“begging the question 11 when I say that 
uninterpreted formal symbols are not 
identical to mental contents. Well, I 
certainly did not spend much time 
arguing for it, because I take it as a 
logical truth. As with any logical truth, 
one can quickly see that it ts true, 
because one gets inconsistencies if 
one tries to imagine the converse. So 
let us try it Suppose that in the Chi¬ 
nese room some undetectable Chi¬ 
nese thinking really is going on. What 
exactly is supposed to make the ma¬ 
nipulation of the syntactic elements 
into specifically Chinese thought con¬ 
tents? Well, after all, I am assuming 
that the programmers were Chinese 
speakers, programming the system to 
process Chinese information. 

Fine, But now imagine that as I am 
sitting in the Chinese room shuffling 
the Chinese symbols, I get bored with 
just shuffling the—to me—meaning¬ 
less symbols. So, suppose that E decide 
to interpret the symbols as standing 
for moves in a chess game. Which 
semantics is the system giving off 
now? Is it giving off a Chinese seman¬ 
tics or a chess semantics, or both 
simultaneously? Suppose there is a 
third person looking in through the 
window, and she decides that the sym¬ 
bol manipulations can all be interpret¬ 
ed as stock-market predictions. And 
so on. There is no limit to the number 
of semantic interpretations that can 
be assigned to the symbols because, 
to repeat, the symbols are purely for¬ 
mal. They have no intrinsic semantics. 

is there any way to rescue the 
Churchlands" analogy from incoher¬ 
ence? I said above that formal sym¬ 
bols do not have causal properties. But 
of course the program will always 
be implemented in some hardware or 
another, and the hardware will have 
specific physical, causal powers. And 
any real computer will give off vari¬ 
ous phenomena. My computers* for ex¬ 
ample, give off heat, and they make 
a humming noise and sometimes 
crunching sounds. So is there some 
logically compelling reason why they 
could not also give off consciousness? 
No. Scientifically, the idea is out of the 
question, but it is not something the 
Chinese room argument is supposed 
to refute* and it is not something that 
an adherent of strong A1 would wish to 
defend* because any such giving off 
would have to derive from the physi¬ 
cal features of the Implementing me¬ 
dium. But the basic premise of strong 


AI is that the physical features of the 
implementing medium are totally ir¬ 
relevant. Whai matters are programs* 
and programs are purely formal 
The Churchlands’ analogy between 
syntax and electromagnetism* then* is 
confronted with a dilemma; either the 
syntax is construed purely formally 
in terms of its abstract mathematical 
properties* or it is not. If it is, then the 
analogy breaks down* because syntax 
so construed has no physical powers 
and hence no physical* causal powers. 
If, on the other hand, one is supposed 
to think in terms of the physics of the 
implementing medium, then there is 
indeed an analogy, but it is not one 
that is relevant to strong Al. 

B ecause the points I have been 
making are rather obvious—syn¬ 
tax is not the same as semantics* 
brain processes cause mental phe¬ 
nomena—the question arises, How did 
we get into this mess? How could 
anyone have supposed that a com¬ 
puter simulation of a mental process 
must be the real thing? After all, the 
whole point of models is that they con¬ 
tain only certain features of the mod¬ 
eled domain and leave out the rest. No 
one expects to get wet in a pool filled 
with Ping-Pong-ball models of water 
molecules. So why would anyone think 
a computer model of thought process¬ 
es would actually think? 

Part of the answer is that people 
have inherited a residue of behaviorist 
psychological theories of the past gen¬ 
eration. The Turing test enshrines the 
temptation to think that if something 
behaves as if it had certain mental 
processes, then it must actually have 
those mental processes. And this is 
parr of the behaviorists 1 mistaken as¬ 
sumption that in order to be scientific* 
psychology must confine its study to 
externally observable behavior. Par¬ 
adoxically* this residual behaviorism 
is tied to a residual dualism. Nobody 
thinks that a computer simulation of 
digestion would actually digest any¬ 
thing* but where cognition is con¬ 
cerned* people are willing to believe 
in such a miracle because they fail 
to recognize that the mind is just as 
much a biological phenomenon as di¬ 
gestion. The mind, they suppose, is 
something formal and abstract, not a 
part of the wet and slimy stuff in our 
heads. The polemical literature in AJ 
usually contains attacks on something 
the authors call dualism* but what 
they fail to see is that they themselves 
display dualism in a strong form* for 
unless one accepts the idea that the 
mind is completely independent of 
the brain or of any other physically 


specific system, one could not possi¬ 
bly hope to create minds just by de¬ 
signing programs. 

Historically, scientific developments 
in the West that have treated humans 
as just a part of the ordinary physical* 
biological order have often been op¬ 
posed by various rearguard actions, 
Copernicus and Galileo were opposed 
because they denied that the earth 
was the center of the universe; Darwin 
was opposed because he claimed that 
humans had descended from the low¬ 
er animals. It is best to see strong AJ as 
one of the last gasps of this antiscien- 
tlfic tradition, for it denies that there 
is anything essentially physical and 
biological about the human mind. The 
mind according to strong AI is inde¬ 
pendent of the brain. It is a computer 
program and as such has no essential 
connection to any specific hardware. 

Many people who have doubts about 
the psychological significance of AJ 
think that computers might be able to 
understand Chinese and think about 
numbers but cannot do the crucially 
human things* namely—and then fol¬ 
lows their favorite human specialty- 
falling in love* having a sense of hu¬ 
mor* feeling the angst of postindus- 
trial society under late capitalism* 
or whatever. But workers in Al com¬ 
plain—correctly—that this is a case of 
moving the goalposts. As soon as an AI 
simulation succeeds, it ceases to be of 
psychological importance, in this de¬ 
bate both sides fail to see the distinc¬ 
tion between simulation and duplica¬ 
tion. As far as simulation is concerned* 
there is no difficulty in programming 
my computer so that it prints out* “l 
love you* Suzy"; "Ha ha”; or "I am 
suffering the angst of postindustrial 
society under late capitalism ” The im¬ 
portant point is that simulation is not 
the same as duplication, and that fact 
holds as much import for thinking 
about arithmetic as it does for feeling 
angst. The point is not that the com¬ 
puter gets only to the 40-yard line and 
not all the way to the goal line. The 
computer doesn't even get started. It 
is not playing that game. 
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Could a Machine Think? 

Classical AI is unlikely to yield conscious 
machines; systems that mimic the brain might 


by Paul M. Churchland and Patricia Smith Churchland 


Artificial-intelligence research is 

/V undergoing a revolution. To ex- 
X V. plain how and why, and to put 
John R. Searle's argument in perspec¬ 
tive, we first need a flashback. 

By the early 1950's the old, vague 
question, Could a machine think? had 
been replaced by the more approach¬ 
able question. Could a machine that 
manipulated physical symbols accord¬ 
ing to structure-sensitive rules think? 
This question was an improvement 
because formal logic and computa¬ 
tional theory had seen major devel¬ 
opments in the preceding half-centu¬ 
ry. Theorists had come to appreciate 
the enormous power of abstract sys¬ 
tems of symbols that undergo rule- 
governed transformations. If those sys¬ 
tems could just be automated, then 
their abstract computational power, it 
seemed, would be displayed in a real 
physical system. This insight spawned 
a well-defined research program with 
deep theoretical underpinnings. 

Could a machine think? There were 
many reasons for saying yes. One of 
the earliest and deepest reasons lay in 
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two important results in computation¬ 
al theory. The first was Church's the¬ 
sis, which states that every effective¬ 
ly computable function is recursive¬ 
ly computable. Effectively computable 
means that there is a "rote" procedure 
for determining, in finite time, the out¬ 
put of the function for a given input. 
Recursively computable means more 
specifically that there is a finite set of 
operations that can be applied to a 
given input, and then applied again 
and again to the successive results of 
such applications, to yield the func¬ 
tion's output in finite time. The notion 
of a rote procedure is nonformal and 
intuitive; thus, Church's thesis does 
not admit of a formal proof. But it 
does go to the heart of what it is to 
compute, and many lines of evidence 
converge in supporting it. 

The second important result was 
Alan M. Turing's demonstration that 
any recursively computable function 
can be computed in finite time by a 
maximally simple sort of symbol-ma¬ 
nipulating machine that has come to 
be called a universal Turing machine. 
This machine is guided by a set of re¬ 
cursively applicable rules that are sen¬ 
sitive to the identity, order and ar¬ 
rangement of the elementary' symbols 
it encounters as input. 

T hese two results entail some¬ 
thing remarkable, namely that a 
standard digital computer, given 
only the right program, a large enough 
memory and sufficient time, can com¬ 
pute any rule-governed input-output 
function. That is, it can display any 
systematic pattern of responses to the 
environment whatsoever. 

More specifically, these results im¬ 
ply that a suitably programmed sym¬ 
bol-manipulating machine (hereafter, 
5M machine) should be able to pass 
the Turing test for conscious intel¬ 
ligence. The Turing test is a purely 
behavioral test for conscious intelli¬ 
gence, but it is a very demanding 
test even so. (Whether it is a fair test 
will be addressed below, where we 
shall also encounter a second and 
quite different “test” for conscious in¬ 


telligence.) In the original version of 
the Turing test, the inputs to the SM 
machine are conversational questions 
and remarks typed into a console by 
you or me, and the outputs are type¬ 
written responses from the SM ma¬ 
chine. The machine passes this test 
for conscious intelligence if its re¬ 
sponses cannot be discriminated from 
the typewritten responses of a real, 
intelligent person. Of course, at pres¬ 
ent no one knows the function that 
would produce the output behavior of 
a conscious person. But the Church 
and Turing results assure us that, 
whatever that (presumably effective) 
function might be, a suitable SM ma¬ 
chine could compute it. 

This is a significant conclusion, es¬ 
pecially since Turing's portrayal of a 
purely Teletyped interaction is an un¬ 
necessary restriction. The same con¬ 
clusion follows even if the SM machine 
interacts with the world in more com¬ 
plex ways; by direct vision, real speech 
and so forth. After all, a more complex 
recursive function is still Turing-com¬ 
putable. The only remaining problem 
is to identify the undoubtedly com¬ 
plex function that governs the human 
pattern of response to the environ¬ 
ment and then write the program (the 
set of recursively applicable rules) by 
which the SM machine will compute it. 
These goals form the fundamental re¬ 
search program of classical AI. 

Initial results were positive. SM 
machines with clever programs per¬ 
formed a variety' of ostensibly cog¬ 
nitive activities. They responded to 
complex instructions, solved com¬ 
plex arithmetic, algebraic and tactical 
problems, played checkers and chess, 
proved theorems and engaged in sim¬ 
ple dialogue. Performance continued 
to improve with the appearance of 
larger memories and faster machines 
and with the use of longer and more 
cunning programs. Classical, or "pro¬ 
gram-writing," AI was a vigorous and 
successful research effort from al¬ 
most every perspective. The occa¬ 
sional denial that an SM machine 
might eventually think appeared unin¬ 
formed and ill motivated. The case for 
a positive answer to our title question 
was overwhelming. 

There were a few puzzles, of course. 
For one thing, SM machines were ad¬ 
mittedly not very bra in like. Even here, 
however, the classical approach had a 
convincing answer. First, the physical 
material of any SM machine has noth¬ 
ing essential to do with what function 
it computes. That is fixed by its pro¬ 
gram. Second, the engineering details 
of any machine's functional architec¬ 
ture are also irre levant, since different 


26 SCIENTIFIC American January 1990 




architectures running quite different 
programs can still be computing the 
same input-output function. 

Accordingly, AJ sought to find the 
input-output function characteristic 
of intelligence and the most efficient 
of the many possible programs lor 
computing it. The idiosyncratic way in 
which the brain computes the func¬ 
tion just doesn’t matter, it was said. 
This completes the rationale for clas¬ 
sical AI and for a positive answer to 
our title question. 

C ould a machine think? There 
were also some arguments for 
saying no. Through the 1960’s 
interesting negative arguments were 
relatively rare. The objection was oc¬ 
casionally made that thinking was a 
nonphysical process in an immaterial 
soul. But such dualistic resistance was 
neither evolutionarily nor explanatori¬ 
ly plausible. It had a negligible impact 
on AI research. 

A quite different line of objection 
was more successful in gaining the AI 
community’s attention. In 1972 Hu¬ 
bert L. Dreyfus published a book that 
was highly critical of the parade-case 
simulations of cognitive activity. He 
argued for their inadequacy as sim¬ 
ulations of genuine cognition, and he 
pointed to a pattern of failure in these 
attempts. What they were missing, he 
suggested, was the vast store of inar¬ 
ticulate background knowledge every 
person possesses and the common- 
sense capacity for drawing on relevant 
aspects of that knowledge as changing 
circumstance demands. Dreyfus did 
not deny the possibility that an arti¬ 
ficial physical system of some kind 
might think, hut he was highly critical 
of the idea that this could he achieved 
solely by symbol manipulation at the 
hands of recursively applicable rules. 

Dreyfus’s complaints were broadly 
perceived within the AI community, 
and within the discipline of philoso¬ 
phy as well, as shortsighted and un¬ 
sympathetic, as harping on the inevi¬ 
table simplifications of a research ef¬ 
fort still in its youth. These deficits 
might be real, but surely they were 
temporary. Bigger machines and bet¬ 
ter programs should repair them in 
due course. Time, it was felt, was on 
ATs side. Here again the impact on 
research was negligible. 

Time was on Dreyfus's side as 
well: the rate of cognitive return on in¬ 
creasing speed and memory began to 
slacken in the late 1970's and early 
1980’s. The simulation of object rec¬ 
ognition in the visual system, for ex¬ 
ample, proved computationally inten¬ 
sive to an unexpected degree. Realistic 


results required longer and longer pe¬ 
riods of computer time, periods far 
in excess of what a real visual system 
requires. This relative slowness of the 
simulations was darkly curious; signal 
propagation in a computer is rough¬ 
ly a million times faster than in the 
brain, and the clock frequency of a 
computer's central processor is great¬ 
er than any frequency found in the 
brain by a similarly dramatic margin. 
And yet, on realistic problems, the 
tortoise easily outran the hare. 

Furthermore, realistic performance 


THE CHINESE ROOM 

Axiom 1. Computer programs are 
formal (syntactic). 

Axiom 2. Human minds have mental 
contents (semantics). 

Axiom 3. Syntax by itself is neither 
constitutive of nor sufficient for 
semantics. 

Conclusion 1. Programs are neither 
constitutive of nor sufficient for 
minds. 


required that the computer program 
have access to an extremely large 
knowledge base. Constructing the rel¬ 
evant knowledge base was problem 
enough, and it was compounded by 
the problem of how to access just 
the contextually relevant parts of that 
knowledge base in real time. As the 
knowledge base got bigger and bet¬ 
ter, the access problem got worse. Ex¬ 
haustive search took too much rime, 
and heuristics for relevance did poor¬ 
ly. Worries of the sort Dreyfus had 
raised finally began to take hold here 


THE LUMINOUS ROOM 

Axiom 1 . Electricity and magnetism 
are forces. 

Axiom 2. The essential property of 
light is luminance. 

Axiom 3. Forces by themselves are 
neither constitutive of nor suffi¬ 
cient for luminance. 

Conclusion 1. Electricity and mag¬ 
netism are neither constitu¬ 
tive of nor sufficient for light. 



OSCILLATING ELECTROMAGNETIC FORCES constitute light even though a magnet 
pumped by a person appears to produce no light whatsoever. Similarly, rule-based 
symbol manipulation might constitute intelligence even though the rule-based sys¬ 
tem inside John R. Searle's “Chinese room" appears to lack real understanding. 
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and there even among A1 researchers. 

At about this time (1980) John Searle 
authored a new and quite different 
criticism aimed at the most basic as¬ 
sumption of the classical research 
program: the idea that the appropriate 
manipulation of structured symbols 
by the recursive application of struc¬ 
ture-sensitive rules could constitute 
conscious intelligence. 

Searle's argument is based on a 
thought experiment that displays two 
crucial features. First, he describes a 
SM machine that realizes, we are to 
suppose, an input-output function ad¬ 
equate to sustain a successful Turing 
test conversation conducted entirely 
in Chinese. Second, the internal struc¬ 
ture of the machine is such that, how¬ 
ever it behaves, an observer remains 
certain that neither the machine nor 
any part of it understands Chinese. All 
it contains is a monolingual English 
speaker following a written set of in¬ 
structions for manipulating the Chi¬ 
nese symbols that arrive and leave 
through a mail slot. In short, the sys¬ 
tem is supposed to pass the Turing 
test, while the system itself lacks any 
genuine understanding of Chinese or 
real Chinese semantic content [see 
“Is the Brain's Mind a Computer Pro¬ 
gram?” by John R. Searle, page 20]. 

The general lesson drawn is that 
any system that merely manipulates 
physical symbols in accordance with 
structure-sensitive rules will be at 
best a hollow mock-up of real con¬ 
scious intelligence, because it is im¬ 
possible to generate “real semantics” 
merely by cranking away on “empty 
syntax ” Here, we should point out, 
Searle is imposing a nonbehavioral 
test for consciousness: the elements 
of conscious intelligence must pos¬ 
sess real semantic content. 

One is tempted to complain that 
Searle's thought experiment is unfair 
because his Rube Goldberg system 
will compute with absurd slowness. 
Searle insists, however, that speed is 
strictly irrelevant here. A slow thinker 
should still be a real thinker. Every¬ 
thing essential to the duplication of 
thought, as per classical AI, is said to 
be present in the Chinese room. 

Searle's paper provoked a lively 
reaction from Al researchers, psy¬ 
chologists and philosophers alike. On 
the whole, however, he was met with 
an even more hostile reception than 
Dreyfus had experienced. In his com¬ 
panion piece in this issue, Searle forth¬ 
rightly lists a number of these critical 
responses. We think many of them are 
reasonable, especially those that “bite 
the bullet” by insisting that, although 
it is appallingly slow, the overall sys¬ 


tem of the room-plus-contents does 
understand Chinese. 

We think those are good respons¬ 
es, but not because we think that the 
room understands Chinese. We agree 
with Searle that it does not. Rather 
they are good responses because they 
reflect a refusal to accept the crucial 
third axiom of Searle's argument: “Syn¬ 
tax by itself is neither constitutive of 
nor sufficient for semantics' 1 Perhaps 
this axiom is true, but Searle cannot 
rightly pretend to know r that it is. 
Moreover, to assume its truth is tanta¬ 
mount to begging the question against 
the research program of classical AI, 
for that program is predicated on 
the very interesting assumption that if 
one can just set in motion an appro¬ 
priately structured internal dance of 
syntactic elements, appropriately con¬ 
nected to inputs and outputs, it can 
produce the same cognitive states and 
achievements found in human beings. 

The question-begging character of 
Searle's axiom 3 becomes clear when 
it is compared directly with his con¬ 


clusion 1: “ Programs are neither con¬ 
stitutive of nor sufficient for minds." 
Plainly, his third axiom is already 
carrying 90 percent of the weight of 
this almost identical conclusion. That 
is why Searle's thought experiment is 
devoted to shoring up axiom 3 spe¬ 
cifically. That is the point of the Chi¬ 
nese room. 

Although the story of the Chinese 
room makes axiom 3 tempting to the 
unwary, we do not think it succeeds in 
establishing axiom 3, and we offer a 
parallel argument below in illustration 
of its failure. A single transparently 
fallacious instance of a disputed argu¬ 
ment often provides far more insight 
than a book full of logic chopping, 

Searle's style of skepticism has am¬ 
ple precedent in the history of sci¬ 
ence. The 18th-century Irish bishop 
George Berkeley found it unintelligible 
that compression waves in the air, 
by themselves, could constitute or be 
sufficient for objective sound. The 
English poet-artist William Blake and 
the German poet-naturalist Johann W. 



OOIO 



NEURAL NETWORKS model a central feature of the brain’s microstructure. In this 
three-layer net, input neurons {bottom left) process a pattern of activations {bottom 
right) and pass it along weighted connections to a hidden layer. Elements in the 
hidden layer sum their many inputs to produce a new pattern of activations. This 
is passed to the output layer, which performs a further transformation. Overall the 
network transforms any input pattern into a corresponding output pattern as dic¬ 
tated by the arrangement and strength of the many connections between neurons. 
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von Goethe found it inconceivable that 
small particles by themselves could 
constitute or be sufficient for the ob¬ 
jective phenomenon of light. Even in 
this century, there have been people 
who found it beyond imagining that 
inanimate matter by itself, and howev¬ 
er organized, could ever constitute or 
be sufficient for life* Plainly, what peo¬ 
ple can or cannot imagine often has 
nothing to do with what is or is not the 
case, even where the people involved 
are highly intelligent. 

To see how this lesson applies to 
Searle’s case, consider a deliberate¬ 
ly manufactured parallel to his ar¬ 
gument and its supporting thought 
experiment. 

Axiom 1. Electricity and magnetism 
are farces. 

Axiom 2* The essential property of 
light is luminance. 

Axiom 3. Forces by themselves are 
neither constitutive of nor sufficient for 
luminance. 

Conclusion L Electricity and mag¬ 
netism are neither constitutive of nor 
sufficient for light 

Imagine this argument raised short- 
ly after James Clerk Maxwell's 1864 
suggestion that light and electro¬ 
magnetic waves are identical but be¬ 
fore the world's full appreciation of 
the systematic parallels between the 
properties of light and the properties 
of electromagnetic waves. This argu¬ 
ment could have served as a compel¬ 
ling objection to Maxwell's imagina¬ 
tive hypothesis, especially if it were 
accompanied by the following com¬ 
mentary in support of axiom 3* 

“Consider a dark room containing a 
man holding a bar magnet or charged 
object. If the man pumps the magnet 
up and down, then, according to Max¬ 
well’s theory of artificial luminance 
(AL), it will initiate a spreading cir¬ 
cle of electromagnetic waves and will 
thus be luminous. But as all of us who 
have toyed with magnets or charged 
balls well know, their forces (or any 
other forces for that matter), even 
when set in motion, produce no lumi¬ 
nance at all It is inconceivable that 
you might constitute real luminance 
just by moving forces around V* 

How should Maxwell respond to this 
challenge? He might begin by insisting 
that the "luminous Toom" experiment 
is a misleading display of the phenom¬ 
enon of luminance because the fre¬ 
quency of oscillation of the magnet 
is absurdly low, too low by a factor 
of 10 15 . This might well elicit the im¬ 
patient response that frequency has 
nothing to do with it, that the room 
with the bobbing magnet already 
contains everything essential to light, 


according to Maxwell's own theory. 

In response Maxwell might bite 
the bullet and claim, quite correctly, 
that the room really is bathed in lu¬ 
minance, albeit a grade or quality too 
feeble to appreciate* (Given the low fre¬ 
quency' with which the man can oscil¬ 
late the magnet, the wavelength of the 
electromagnetic waves produced is far 
too long and their intensity is much 
too weak for human retinas to re¬ 
spond to them.) But in the climate of 
understanding here contemplated— 
the 1860's—this tactic is likely to elicit 
laughter and hoots of derision* "Lumi¬ 
nous room, my foot, Mr. Maxwell. It's 
pitch-black in there!" 

Alas, poor Maxwell has no easy route 
out of this predicament* All he can do 
is insist on the following three points* 
First, axiom 3 of the above argument is 
false. Indeed, it begs the question de¬ 
spite its intuitive plausibility. Second, 
the luminous room experiment dem¬ 
onstrates nothing of interest one way 
or the other about the nature of light. 
And third, what is needed to settle 
the problem of light and the possibil¬ 
ity of artificial luminance is an ongo¬ 
ing research program to determine 
whether under the appropriate condi¬ 
tions the behavior of electromagnetic 
waves does indeed mirror perfectly 
the behavior of light. 

This is also the response that clas¬ 
sical A1 should give to Searle's ar¬ 
gument. Even though Searle's Chinese 
room may appear to be “semantical¬ 
ly dark," he is in no position to insist, 
on the strength of this appearance, 
that rule-governed symbol manipu¬ 
lation can never constitute seman¬ 
tic phenomena, especially when people 
have only an uninformed common- 
sense understanding of the semantic 
and cognitive phenomena that need 
to be explained. Rather than exploit 
one's understanding of these things, 
Searle's argument freely exploits one's 
ignorance of them. 

With these criticisms of Searle's 
argument in place, we return to the 
question of whether the research 
program of classical AI has a realistic 
chance of solving the problem of con¬ 
scious intelligence and of producing a 
machine that thinks. We believe that 
the prospects are poor, but we rest 
this opinion on reasons very differ¬ 
ent from Searle's. Our reasons derive 
from the specific performance failures 
of the classical research program in Al 
and from a variety of lessons learned 
from the biological brain and a new 
class of computational models in¬ 
spired by its structure. We have al¬ 
ready indicated some of the failures of 
classical AI regarding tasks that the 


brain performs swiftly and efficiently. 
The emerging consensus on these fail¬ 
ures is that the functional architecture 
of classical SM machines is simply the 
wrong architecture for the very de¬ 
manding jobs required. 

W hat we need to know is this: 
How does the brain achieve 
cognition? Reverse engineer¬ 
ing is a common practice in indus¬ 
try. When a new piece of technology 
comes on the market, competitors find 
out how it works by taking it apart 
and divining its structural rationale. 
In the case of the brain, this strategy 
presents an unusually stiff challenge, 
for the brain is the most complicated 
and sophisticated thing on the planet. 
Even so, the neurosciences have re¬ 
vealed much about the brain on a wide 
variety of structural levels. Three ana¬ 
tomic points will provide a basic con¬ 
trast with the architecture of conven¬ 
tional electronic computers* 

First, nervous systems are parallel 
machines, in the sense that signals 
are processed in millions of different 
pathways simultaneously. The retina, 
for example, presents its complex in¬ 
put to the brain not in chunks of eight, 
16 or 32 elements, as in a desktop 
computer, but rather in the form of 
almost a million distinct signal ele¬ 
ments arriving simultaneously at the 
Larger of the optic nerve (the lateral 
geniculate nucleus), there to be proc¬ 
essed collectively, simultaneously and 
in one fell swoop. Second, the brain's 
basic processing unit, the neuron, 
is comparatively simple. Furthermore, 
its response to incoming signals is 
analog, not digital, inasmuch as its 
output spiking frequency varies con¬ 
tinuously with its input signals. Third, 
in the brain, axons projecting from 
one neuronal population to another 
are often matched by axons return¬ 
ing from their target population. These 
descending or recurrent projections 
allow the brain to modulate the char¬ 
acter of its sensory processing. More 
important still, their existence makes 
the brain a genuine dynamical system 
whose continuing behavior is both 
highly complex and to some degree 
independent of its peripheral stimuli. 

Highly simplified model networks 
have been useful in suggesting how 
real neural networks might work and 
in revealing the computational prop¬ 
erties of parallel architectures. For 
example, consider a three-layer mod¬ 
el consisting of neuronlike units fully 
connected by axon like connections to 
the units at the next layer. An input 
stimulus produces some activation 
level in a given input unit, which con- 
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veys a signal of proportional strength 
along its “axon” to its many “synaptic” 
connections to the hidden units. The 
global effect is that a pattern of activa¬ 
tions across the set of input units 
produces a distinct pattern of activa¬ 
tions across the set of hidden units. 

The same story applies to the out¬ 
put units. As before, an activation pat¬ 
tern across the hidden units produces 
a distinct activation pattern across the 
output units. All told, this network is a 
device for transforming any one of a 
great many possible input vectors (ac¬ 
tivation patterns) into a uniquely cor¬ 
responding output vector. It is a de¬ 
vice for computing a specific function. 
Exactly which function it computes is 
fixed by the global configuration of its 
synaptic weights. 

There are various procedures for 
adjusting the weights so as to yield 
a network that computes almost any 
function—that is, any vector-to-vec- 
tor transformation—that one might 
desire. In fact, one can even impose on 
it a function one is unable to specify, 
so long as one can supply a set of 
examples of the desired input-output 
pairs. This process, called "training up 
the network,” proceeds by successive 
adjustment of the network’s weights 
until it performs the input-output 
transformations desired. 

Although this model network vast¬ 
ly oversimplihes the structure of the 
brain, it does illustrate several im¬ 
portant ideas, first, a parallel architec¬ 
ture provides a dramatic speed ad¬ 
vantage over a conventional computer, 
for the many synapses at each level 
perform many small computations si¬ 
multaneously instead of in laborious 
sequence. This advantage gets larger 
as the number of neurons increases 
at each layer. Strikingly, the speed of 
processing is entirely independent of 
both the number of units involved in 
each layer and the complexity of the 
function they are computing. Each 
layer could have four units or a hun¬ 
dred million; its configuration of syn¬ 
aptic weights could be computing 
simple one-digit sums or second-or¬ 
der differential equations. It would 
make no difference. The computation 
time would be exactly the same. 

Second, massive parallelism means 
that the system is fault-tolerant and 
functionally persistent; the loss of a 
few connections, even quite a few, has 
a negligible effect on the character of 
the overall transformation performed 
by the surviving network. 

Third, a parallel system stores large 
amounts of information in a distrib¬ 
uted fashion, any part of which can 
be accessed in milliseconds. That in¬ 
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NERVOUS SYSTEMS span many scales of organization, from neuro transmitter mole¬ 
cules [bottom) to the entire brain and spinal cord. Intermediate levels include single 
neurons and circuits made up of a few neurons, such as those that produce orien¬ 
tation selectivity to a visual stimulus (middle), and systems made up of circuits such 
as those that subserve language {top right). Only research can decide how close¬ 
ly an artificial system must mimic the biological one to be capable of intelligence. 


formation is stored in the specific 
configuration of synaptic connection 
strengths, as shaped by past learning. 
Relevant information is "released" as 
the input vector passes through—and 
is transformed by—that configuration 
of connections. 

Parallel processing is not ideal for 
all types of computation. On tasks that 
require only a small input vector, but 
many millions of swiftly iterated re¬ 
cursive computations, the brain per¬ 
forms very badly, whereas classical 5M 
machines excel. This class of compu¬ 
tations is very large and important, 
so classical machines wall always be 
useful, indeed, vital. There is, howev¬ 
er, an equally large class of computa¬ 
tions for which the brain’s architec¬ 
ture is the superior technology. These 
are the computations that typically 
confront living creatures: recognizing 
a predator's outline in a noisy environ¬ 
ment; recalling instantly how to avoid 
its gaze, flee its approach or fend 


off its attack; distinguishing food 
from nonfood and mates from non- 
mates; navigating through a complex 
and ever-changing physical/social en¬ 
vironment; and so on. 

Finally, it is important to note that 
the parallel system described is not 
manipulating symbols according to 
structure-sensitive rules. Rather sym¬ 
bol manipulation appears to be just 
one of many cognitive skills that a 
network may or may not learn to dis¬ 
play. Rule-governed symbol manipula¬ 
tion is not its basic mode of operation. 
Searle's argument is directed against 
rule-governed SM machines; vector 
transformers of the kind we describe 
are therefore not threatened by his 
Chinese room argument even if it were 
sound, which we have found indepen¬ 
dent reason to doubt. 

Searle is a ware of parallel proces¬ 
sors but thinks they too will be devoid 
of real semantic content. To illustrate 
their inevitable failure, he outlines a 
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second thought experiment, the Chi¬ 
nese gym, which has a gymnasium full 
of people organized into a parallel 
network. From there his argument 
proceeds as in the Chinese room. 

We find this second story far less re¬ 
sponsive or compelling than his first. 
For one, it is irrelevant that no unit 
in his system understands Chinese, 
since the same is true of nervous sys¬ 
tems: no neuron in my brain under¬ 
stands English, although my whole 
brain does. For another, Searle ne¬ 
glects to mention that his simulation 
(using one person per neuron, plus a 
fleet-footed child for each synaptic 
connection) will require at least 10 H 
people, since the human brain has 10 n 
neurons, each of which averages over 
IQ 3 connections. His system will re¬ 
quire the entire human populations of 
over 10,000 earths. One gymnasium 
will not begin to hold a fair simulation. 

On the other hand, if such a system 
were to he assembled on a suitably 
cosmic scale, with all its pathways 
faithfully modeled on the human case, 
we might then have a large, slow, odd¬ 
ly made but still functional brain on 
our hands. In that case the default 
assumption is surely that, given prop¬ 
er inputs, it would think, not that it 
couldn't. There is no guarantee that its 
activity would constitute real thought, 
because the vector-processing theory 
sketched above may not be the correct 
theory of how brains work. But neither 
is there any a priori guarantee that it 
could not be thinking. Searle is once 
more mistaking the limits on his (or 
the reader's) current imagination for 
the limits on objective reality. 

T he brain is a kind of computer, 
although most of its properties 
remain to be discovered. Charac¬ 
terizing the brain as a kind of comput¬ 
er is neither trivial nor frivolous. The 
brain does compute functions, func¬ 
tions of great complexity, but not in 
the classical A1 fashion. When brains 
are said to be computers, it should not 
be implied that they are serial, digital 
computers, that they are programmed, 
that they exhibit the distinction be¬ 
tween hardware and software or that 
they must be symbol manipulators or 
rule followers. Brains are computers 
in a radically different style. 

How the brain manages meaning is 
still unknown, but it is clear that the 
problem reaches beyond language use 
and beyond humans. A small mound 
of fresh dirt signifies to a person, 
and also to coyotes, that a gopher is 
around; an echo with a certain spectral 
character signifies to a bat the pres¬ 
ence of a moth. To develop a theory of 


meaning, more must be known about 
how neurons code and transform sen¬ 
sory signals, about the neural basis 
of memory, learning and emotion and 
about the interaction of these capaci¬ 
ties and the motor system. A neurally 
grounded theory of meaning may re¬ 
quire revision of the very intuitions 
that now seem so secure and that are 
so freely exploited in Searle's argu¬ 
ments. Such revisions are common in 
the history of science. 

Could science construct an artifi¬ 
cial intelligence by exploiting what 
is known about the nervous system? 
We see no principled reason why 
not. Searle appears to agree, although 
he qualifies his claim by saying that 
“any other system capable of causing 
minds would have to have causal pow¬ 
ers (at least) equivalent to those of 
brains." We close by addressing this 
claim. We presume that Searle is not 
claiming that a successful artificial 
mind must have all the causal pow¬ 
ers of the brain, such as the power to 
smell bad when rotting, to harbor slow 
viruses such as kuru, to stain yellow 
with horseradish peroxidase and so 
forth. Requiring perfect parity would 
be like requiring that an artificial fly¬ 
ing device lay eggs. 

Presumably he means only to re¬ 
quire of an artificial mind all of the 
causal powers relevant, as he says, to 
conscious intelligence. But which ex¬ 
actly are they? We are back to quarrel¬ 
ing about what is and is not relevant. 
This is an entirely reasonable place for 
a disagreement, but it is an empirical 
matter, to be tried and tested Because 
so little is known about what goes into 
the process of cognition and seman¬ 
tics, it is premature to be very confi¬ 
dent about what features are essential. 
Searle hints at various points that ev¬ 
ery level, including the biochemical, 
must be represented in any machine 
that is a candidate for artificial intelli¬ 
gence. This claim is almost surely too 
strong. An artificial brain might use 
something other than biochemicals to 
achieve the same ends. 

This possibility is illustrated by Car¬ 
ver A. Mead's research at the Califor¬ 
nia Institute of Techno logy. Mead and 
his colleagues have used analog VLSI 
techniques to build an artificial retina 
and an artificial cochlea. (In animals 
the retina and cochlea are not mere 
transducers: both systems embody a 
complex processing network.) These 
are not mere simulations in a mini¬ 
computer of the kind that Searle de¬ 
rides; they arc real information-proc¬ 
essing units responding in real time to 
real light, in the case of the artificial 
retina, and to real sound, in the case 


of the artificial cochlea. Their circuit¬ 
ry is based on the known anatomy and 
physiology of the cat retina and the 
barn owl cochlea, and their output is 
dramatically similar to the known out¬ 
put of the organs at issue. 

These chips do not use any neu¬ 
rochemicals, so neurochemicals are 
dearly not necessary to achieve the 
evident results. Of course, the artifi¬ 
cial retina cannot be said to see any¬ 
thing, because its output does not 
have an artificial thalamus or cortex to 
go to. Whether Mead's program could 
be sustained to build an entire artifi¬ 
cial brain remains to be seen, but there 
is no evidence now that the absence of 
bio chemicals renders it quixotic. 

W e, and Searle, reject the Turing 
test as a sufficient condition 
for conscious intelligence. At 
one level our reasons for doing so are 
similar: we agree that it is also very 
important how the input-output func¬ 
tion is achieved; it is important that 
the right sorts of things be going on 
inside the artificial machine. At anoth¬ 
er level, our reasons are quite differ¬ 
ent. Searle bases his position on eom- 
monsense intuitions about the pres¬ 
ence or absence of semantic content. 
We base ours on the specific behav¬ 
ioral failures of the classical SM ma¬ 
chines and on the specific virtues of 
machines with a more brainlike ar¬ 
chitecture. These contrasts show that 
certain computational strategies have 
vast and decisive advantages over oth¬ 
ers where typical cognitive tasks are 
concerned, advantages that are empir¬ 
ically inescapable. Clearly, the brain is 
making systematic use of these com¬ 
putational advantages. But it need not 
be the only physical system capable 
of doing so. Artificial intelligence, in 
a nonbiological but massively parallel 
machine, remains a compelling and 
discernible prospect. 
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Antisense RNA and DNA 

Molecules that bind with specific messenger RNA’s can selectively 
turn off genes. Eventually certain diseases may he treated 
with them; today antisense molecules are valuable research tools 


by Harold M. Weintraub 


I t takes about 100,000 genes to 
make a human being. What exactly 
do they do, and how do they do it? 
To answer these questions, biologists 
must tinker with individual genes—in 
effect, remove or turn off the genes— 
and observe the effects on organisms 
or on individual cells. Studies of muta¬ 
tions have always afforded this infor¬ 
mation, but mutations arc random by 
their nature, which has made system¬ 
atic study of individual genes difficult 
(or, in the case of human beings and 
other complex and long-lived organ¬ 
isms, impossible). 

With the recent advent of technol¬ 
ogy for cloning, or copying, genes 
during the past decade, it is now be¬ 
coming realistic to think about selec¬ 
tively turning off or modifying the 
activity of any given gene. One method 
is—in principle—remarkably simple: 
create antisense RNA or DNA mol¬ 
ecules that bind specifically with a 
targeted gene's RNA message, there¬ 
by interrupting the precise molecular 
choreography that expresses a gene 
as a protein. In this way viruses and 
bacteria regulate some genes during 
their life cycles. Today such an ap¬ 
proach is practical enough for inves¬ 
tigators to apply it to a broad range 
of problems. 

The ability to deactivate specific 
genes holds great promise for medi¬ 
cine, For example, it may someday be 
possible to fight viral diseases with 
antisense RNA and DNA molecules 
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that seek and destroy viral gene prod¬ 
ucts inside a person's cells. Such ap¬ 
plications are in their infancy. In the 
meantime antisense technology is con¬ 
tributing to the birth of a new field, re¬ 
verse genetics. Classical genetics usu¬ 
ally studies the random mutations of 
all genes in an organism and selects 
the mutations responsible for specific 
characteristics; reverse genetics starts 
with a cloned gene of interest and 
manipulates it to elicit information 
about its function. 

The traditional genetic approach 
relies on chemicals or radiation to de¬ 
lete or alter genes randomly. The 
treated organisms or cells and their 
progeny can then be observed, and 
mutated individuals that display char¬ 
acteristics of interest to the experi¬ 
menter can be studied. The genetic 
approach has been tremendously suc¬ 
cessful with microorganisms, some 
plants and some invertebrate ani¬ 
mals, Nevertheless, it is poorly suited 
to studies of vertebrates. Vertebrates 
have inconveniently long generation 
times; they often have small numbers 
of offspring, which limits how quickly 
interesting mutants can be produced; 
and their most intriguing mutations 
are usually lethal and consequently 
difficult to propagate and study. 
Another shortcoming of any genetic 
approach is that the observable effect 
of a mutation may not reveal precisely 
what the mechanism of the mutation 
is. For example, a mutation may first 
be detected as a microorganism's di¬ 
minished ability to grow on a source 
of sugar. Is the mutation altering an 
enzyme that digests the sugar, or is it 
blocking the cell's uptake of the sug¬ 
ar? Is it perhaps activating enzymes 
that cause the sugar to be stored in¬ 
stead of digested? Genetics alone can¬ 
not provide the answer; genetics can 
identify the range of genes that influ¬ 
ence a process, but additional ap¬ 
proaches are often needed to probe 
exactly what a particular gene does. 
The new approach involving antisense 


technology is one attempt to over¬ 
come some of these problems. 

T o understand how antisense 
technology works, it is first nec¬ 
essary to review the fundamen¬ 
tals of gene structure and expression. 
A gene is a coded blueprint for a 
protein; the code is written in the 
precisely ordered sequences of four 
nucleotide bases—adenine (A), thy¬ 
mine (T), guanine (G) and cytosine 
(C)— that make up molecules of DNA, 
In addition to the strong linking bonds 
that these bases can make within DNA 
strands, A*s can form weak bonds with 
T's in other strands, and G’s can form 
similar bonds with C f s. 

For this reason, DNA in organisms 
usually exists as a double helix, or 
duplex, consisting of two coiled DNA 
strands, in each duplex, a base on one 
strand is bound to its complementary 
base on the other strand; for example, 
a 4l sense" sequence that reads A-T-G-O 
T-C on one strand pairs with an “anti- 
sense" sequence, T-A-C-G-A-G f on the 
other strand. The high specificity of 
base pairing is important during DNA 
replication, when the two complemen¬ 
tary strands of each duplex separate: 
each strand serves as a template for 
reconstructing its partner, and the re¬ 
sult is two identical duplexes. 

Base-pairing specificity is also im¬ 
portant when genetic information is 
decoded to make proteins. DNA does 
not make proteins directly; instead an 
intermediary molecule of RNA is creat¬ 
ed for the job. RNA is made of the 
same bases as DNA except that the 
base 7’ is replaced by the base uracil 
( U) t which can also pair with A. During 
transcription, the first stage of read¬ 
ing the genetic code, the sense strand 
of a gene separates from its anti- 
sense partner. Enzymes then assemble 
an RNA molecule that complements 
the sequence on the antisense DNA 
strand. This messenger RNA eventual¬ 
ly migrates to ceU structures called 
ribosomes, w'hich read the encoded in- 
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formation and string together the ap¬ 
propriate amino acids to form the en¬ 
coded proteins. 

The antisense strand of DNA in the 
genes is the template for messenger 
RNA; the messenger RNA carries the 
structural code for a protein* But what 
of the sense DNA strand? Does it pro¬ 
duce antisense RNA, and if so, what 
does this RNA do? 

An important discovery about the 
natural biological function of 
X V antisense RNA molecules was 
made in 1981 by jun-ichi Tomizawa at 
the National Institutes of Health (NIH). 
Tomizawa was studying the replica¬ 
tion of a p!asmid ( or small double- 
strand ring of bacterial DNA, called 
ColEL In this plasmid, DNA replication 
begins at a specific sequence called 
the origin* First the primer, a short 
chain of DNA, opens up the DNA dou¬ 
ble helix and hybridizes, or pairs, with 
the origin. The enzyme DNA polymer¬ 
ase then adds A T s, Ts, C's and G's to 
the RNA primer, constructing a new 
DNA strand that is complementary 
to the origin-containing strand. The 
number of copies made of the plas¬ 
mid genetic material depends on the 
number of available RNA primers in¬ 
side the cell. 

Tomizawa discovered that the avail¬ 
ability of RNA primers is controlled 
not by their total concentration but 
rather by the ratio of primers to spe¬ 
cific inhibitor molecules. He went on 
to show that these inhibitors are RNA 
molecules transcribed from the DNA 
strand complementary to the one that 
produces the RNA primer. In other 
words, the inhibitors are the antisense 
products of the sense DNA strands. 

Just as the sense and antisense DNA 
strands are complementary, so too 
are the sense RNA primers and the 
antisense inhibitor molecules* Con¬ 
sequently, the sense RNA and the an¬ 
tisense RNA can hybridize with one 
another. In this duplexed state, the 
RNA primer cannot initiate DNA rep¬ 
lication, because it cannot pair with 
the origin of the plasmid. 

The function of antisense RNA goes 
beyond regulation of DNA replication; 
it also extends to regulation of tran¬ 
scription. In 1983 Nancy E. Kleckner of 
Harvard University conducted a series 
of elegant experiments that described 
how antisense RNA in bacteria con¬ 
trols the synthesis of the enzyme trans¬ 
posase. During transcription, messen¬ 
ger RNA encoding the enzyme is pro¬ 
duced from the transposase gene. 
When the bacteria also transcribe an¬ 
tisense RNA from the sense strand 
of the transposase gene, the antisense 




ANTISENSE RNA molecules can selectively inhibit the activity' of genes and block the 
production of specific proteins in living cells. For example, normal cells in culture 
{top) make a network of thin structural filaments {green) from the protein actin; these 
actin filaments help give the cells a smooth, round shape. Cells that have been in¬ 
jected with antisense-actin RNA (bottom) lose much of their actin framework and 
become flatter. Antisense techniques can probe the functions of individual genes. 
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MODIFICATIONS 


BASE-PAIR SPECincmf is the key to antisense RNA's inhibition 
of genes. In the DNA duplex of a gene, there are weak bonds 
between opposing pairs of adenine (A) and thymine (T) bases 
and between guanine (G) and cytosine (C) bases. The matched 
sense and antisense strands of DNA complement each oth¬ 
er. During the transcription of DNA into RNA, the antisense 
DNA strand acts as a template for assembling a complementa¬ 
ry (sense) messenger RNA molecule (in which U —for uracil— 
substitutes for T). A single-strand messenger RNA is translat¬ 
ed into a protein on the cellular organelles called ribosomes. 


Messenger RNA is the only transcription product of most 
genes; however, some genes are regulated by the additional 
transcription of an antisense RNA from the sense DNA strand. 
If an antisense RNA is made, then the antisense RNA and the 
messenger RNA will bind with each other. A variety of factors 
may then prevent the translation of protein: the RNA duplex 
may be rejected by the ribosomes; it may be degraded by 
enzymes; it may never leave the nucleus; or the A bases may 
be modified chemically lo become dilferent inosine bases, 
thereby scrambling the genetic code on the messenger RNA. 


RNA binds specifically with the sense 
messenger RNA and prevents the ribo¬ 
some from translating the encoded 
information into a protein. 

Investigators have shown that reg¬ 
ulation or inhibition of gene activity 
with antisense RNA seems to be uni¬ 
versal among viruses and bacteria. 
The mechanism controls many stages 
of cell metabolism. There is some ten¬ 
tative evidence lhat antisense RNA 


may also have a narural role in more 
complex cells, but this has not yet 
been proved. 

In 1983 the initial work of Tomizawa 
suggested to me and to Jonathan G. 
Izant, who is now at Yale University, 
that we could direct antisense RNA 
against any cloned gene and perhaps 
inhibit the translation of its messen¬ 
ger RNA. We thought that this ap¬ 
proach might permit us to inactivate 


specific genes much as mutations 
could, but with higher selectivity. One 
of the first questions confronting us 
was how to manufacture the antisense 
RNA. We decided to exploit recombi- 
nant-DNA technology to create artifi¬ 
cial genetic elements, called expres¬ 
sion vectors, lhat would make anti- 
sense RNA when they were inserted 
into cells. 

For a test gene we chose the one for 



EXPRESSION VECTORS that make antisense RNA can be engi¬ 
neered from DNA duplexes in the laboratory and introduced 
into cells. An isolated messenger RNA molecule (J) can serve 
as a template for making a complementary strand of antisense 


DNA (2), This DNA strand (2) can, in turn, act as a template for 
making the sense DNA strand and creating a DNA duplex (4), A 
plasmid, or double-strand ring of bacterial DNA (5) r can be cnt 
by restriction enzymes near a promoter region (6). The DNA 
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the enzyme thymidine kinase (TK) 
from herpes simplex virus (HSV). This 
enzyme converts thymidine, a molecu¬ 
lar precursor for the Tbase in DMA, 
into a form that can be added to grow¬ 
ing strands of DNA. The cells with 
which we chose to work were from a 
standard mouse cell-culture line that 
had a mutated TK gene and could 
incorporate thymidine into replicating 
DNA. If expression vectors containing 
the HSV-TK gene were injected into 
these mouse cells, the cells began to 
incorporate thymidine normally. 

To construct the expression vec¬ 
tors for anti sen se-TTC RNA, we began 
with the cloned gene for HSV-TK itself. 
With so-called restriction enzymes that 
cleave DNA at specific base sequences, 
we snipped the HSV-TK gene out of 
double-strand expression vectors and 
permitted the genes to reinsert them¬ 
selves into the vectors at random. 
Half of the TK genes returned to the 
vectors in their original orientation. 
The others, however, were reversed, so 
lhaL Lhe sense-TK sequence was in¬ 
serted into the strand that had origi¬ 
nally contained the antisense-TK se¬ 
quence and vice versa. Transcription 
of these expression vectors, we be¬ 
lieved, would produce antisense-TK 
RNA instead of messenger-TK RNA. 

When we injected these antisense 
expression vectors into cells that had 
previously received HSV-TK expres¬ 
sion vectors, the ability of the cells to 
incorporate thymidine did indeed di¬ 
minish significandy. As we had sus¬ 
pected, the presence of the antisense 
expression vector w r as inhibiting the 
activity of the sense expression vector. 
We were also able to show that anti- 
sen se-TK RNA from chickens could in¬ 
hibit the activity of chicken TK genes. 


Yet antisense-TK RNA from a chicken 
failed to inhibit TK genes from a virus 
and vice versa: because chicken TK 
genes and viral TK genes are dissimi¬ 
lar, their RNA products do not hybrid¬ 
ize. These results showed that anti- 
sense inhibition can be highly specific. 

Through these experiments we were 
able to demonstrate that specific anti- 
sense RNA r s could inhibit the function 
of cloned target genes. Working with 
bacteria, Masayori Inouye and his col¬ 
leagues at the State University of New 
York at Stony Brook and Sidney Pestka 
and his colleagues at the Roche Insti¬ 
tute of Molecular Biology in Nutiey, 
NJ. r had similar successes with ex¬ 
pression vectors for antisense RNA, 

I t was clear that antisense RNA 
could affect cloned target genes 
inserted into cells; however, for 
antisense technology to be helpful in 
the analysis of vertebrate-gene func¬ 
tions, we also needed to prove that 
antisense RNA could turn oft 1 an en¬ 
dogenous cellular gene. For this rea¬ 
son, we next chose to work on the 
gene for actin, a protein that is a ma¬ 
jor component of a structural "cyto- 
skeleton” that helps cells to move 
and maintain their shape. When we 
injected expression vectors for anti- 
sensc-actin RNA into cells, the cells 
developed defective cytoskdetons 
and appeared flatter. Once again the 
antisense RNA was inactivating its tar¬ 
get gene. 

Because actin is an essential protein, 
cells that do not express actin will 
die. This problem can be circumvent¬ 
ed with inducible promoters. A pro¬ 
moter is a part of a gene that controls 
the initiation of transcription for the 
gene product. An inducible promoter 


is one that initiates transcription only 
in the presence of a certain inducing 
stimulus. Promoters inducible by spe¬ 
cific ions, by elevated temperatures 
<“heat shock”) and by various hor¬ 
mones have been well studied. Having 
added an inducible promoter to an 
antisense expression vector, an exper¬ 
imenter can start or stop the produc¬ 
tion of antisense RNA land of the gene 
product it affects) at any time, in any 
individual ceil, by supplying or remov¬ 
ing the inducer. 

My colleagues and I have added 
inducible promoters that respond to 
steroid hormones to the expression 
vectors for antisense-TK RNA. We have 
demonstrated that under conditions 
in which cells need active TK genes 
to grow, steroids inhibit the growth 
of cells containing these expression 
vectors. These cells presumably lack 
TK and cannot synthesize DNA. Susan 
Lindquist of the University 7 of Chicago 
has had similar results with antisense 
expression vectors controlled by heat- 
shock inducible promoters. 

It may be possible to modify anti- 
sense expression vectors so that the 
resulting antisense RNA has specific 
functional properties. Thomas R. Cech 
of the University of Colorado at Boul¬ 
der has shown that certain naturally 
occurring RNA sequences can cleave 
RNA targets with which they hybridize 
[see “RNA as an Enzyme," by Thom¬ 
as R. Cech; Scientific .American, No¬ 
vember, 19861. These RNA sequences, 
called ribozymes, cleave at a point 
where there is a specific triplet of 
nucleotide bases, G-U-C, in the target. 
It is statistically likely that a G-U-C 
triplet will appear by chance at least 
once in most messenger RNA's, 

Once the location of the triplet in 



EXPRESSION VECTOR 


ANTISENSE 
EXPRESSION VECTOR 


duplex can be spliced into the plasmid to create an expression 
vector (7). The effectiveness of this expression vector can he 
tested in cells: when the promoter initiates transcription, the 
expression vector will make copies of the original messenger 


RNA (blue). If the added DNA is then cut out of the expression 
vector with restriction enzymes {£), it can reinsert itself into 
the ring with the opposite orientation (3). During transcrip¬ 
tion, this expression vector will make antisense RNA (yellow). 
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a specific messenger RNA has been 
determined, investigators can insert 
DNA for a ribozyme into the corre¬ 
sponding position in the antisense ex¬ 
pression vector. The vector will then 
produce antisense RNA containing a 
ribozyme. When this ribozymal anti- 
sense RNA hybridizes with its messen¬ 
ger RNA target, it cleaves the messen¬ 
ger molecule. This process has been 
demonstrated in the test tube; it also 
appears to take place in certain plants 
infected with viruses that produce ri- 
bozymelike RNA*s. Whether this ap¬ 
proach can be successfully adapted 
for investigations of gene functions 
remains to be explored. 

A ntisense-RNA methods for inhib- 

/Viting gene activity need not rely 
JL 1. on expression vectors. Strands 
of antisense RNA can be synthesized 
in the laboratory and injected directly 
into cells. In 1985 Douglas A. Mel¬ 
ton of Harvard University and Rich¬ 
ard M. Harland in my laboratory in¬ 
dependently demonstrated that injec¬ 
tions of antisense RNA into the large 
egg-producing cells (oocytes) of Frogs 
could inhibit the translation of a cor¬ 
responding sense RNA injected previ¬ 
ously. Injecting antisense-actin RNA 
into cells inhibits the formation of a 
cytoskeleton much as injections of 
antisense expression vectors do. 

Producing large amounts of anti- 
sense RNA for experiments has been 
greatly simplified by a clever tech¬ 
nique designed in 1985 by Barbara 
J. Wold and Stuart K. Kim of the Cali¬ 
fornia Institute of Technology, Their 
technique takes advantage of the fact 
that cultured cells occasionally “am¬ 
plify" genes by making multiple cop¬ 
ies of them. Wold and Kim linked an 
antisense expression vector to a gene 
for an essential enzyme and insert¬ 
ed the vector into cells. With an inhibi¬ 
tor of the enzyme, they then selected 
for ceils in subsequent generations 
that had amplified the enzyme gene 
and the expression vector. These cells 


manufactured large quantities of anti- 
sense RNA. ■ 

A ntisense RNA's are not the only 
antisense molecules that can 
1 V latch onto messenger RNA's 
and prevent the translation of pro¬ 
tein. Short complementary strands of 
DNA can also hybridize with messen¬ 
ger RNA’s. Antisense oligonucleotides, 
strands of DNA only 15 to 25 bases 
long, can be created in the laboratory 
and introduced into cells, where they 
will have inhibitory effects like those 
of antisense RNA, This notion was 
first described by Paul C Zamecnik of 
the Worcester Foundation for Experi¬ 
mental Biology in Massachusetts, who 
used antisense DNA oligonucleotides 
in an attempt to inhibit Rous sarcoma 
vims (RSV) from transforming cul¬ 
tured chicken cells into a cancerous 
state. It appears that some cells can 
absorb enough antisense oligonucleo¬ 
tides from their environment for the 
oligonucleotides to bind with messen¬ 
ger RNA's from viral genes. 

The specificity of an antisense oligo¬ 
nucleotide depends on its length. The 
longer an oligonucleotide is, the more 
likely it is to bind to one and only one 
DNA or RNA target. Specificity is es¬ 
sential because it would be disastrous 
if an oligonucleotide inhibited the 
wrong gene. For example, in the chro¬ 
mosomes of a human ceil, there are 
three billion pairs of nucleotide bases. 
If all four bases are present in rough¬ 
ly equal numbers and are distribut¬ 
ed randomly throughout the genes, 
then, on average, no 12-base sequence 
should appear more than once. 

The functional chemistry of oli¬ 
gonucleotides can be tailored in the 
laboratory to meet the needs of ex¬ 
perimentalists, Paul O, P. Ts'o and 
Paul S. Miller of Johns Hopkins Uni¬ 
versity have pioneered this approach. 
They made oligonucleotides with 
uncharged sugar-phosphate "back¬ 
bones”; such oligonucleotides can en¬ 
ter a cell through its outer membrane 


more easily than can ordinary oli¬ 
gonucleotides. Phosphorothioate oli¬ 
gonucleotides, in which sulfur atoms 
substitute for oxygen atoms in the 
sugar-phosphate backbone, have also 
been synthesized; these molecules are 
less vulnerable to nucleases (cellular 
enzymes that degrade RNA and DNA) 
and can therefore remain at high, ef¬ 
fective concentrations inside cells for 
longer periods, 

Peter B. Dervan of the California In¬ 
stitute of Technology has extended 
this approach even further. He has 
attached a reactive chemical group, 
iron-linked ethylene diamine tetr a ace¬ 
tic acid (EDTA-Fe), to an antisense oli¬ 
gonucleotide. If this oligonucleotide 
were to hybridize with a messenger 
RNA, the reactive group would inacti¬ 
vate the RNA by cleaving it at the site 
of hybridization 

Claude Helene and his colleagues at 
the National Museum of Natural Histo¬ 
ry in Paris have used an acridine at¬ 
tachment to an oligonucleotide; acri¬ 
dine is a planar molecule that can in¬ 
sert itself between the base pairs in a 
DNA double helix. Helene has found 
that the presence of acridine on the 
oligonucleotide increases the energy 
with which the antisense molecule 
hinds to the messenger RNA target 
and also increases the rate at which 
cells absorb the oligonucleotide from 
their environment. He and J.-J,Toulme 
have recently taken this approach in 
cell cultures to kill Trypanosoma brv - 
cei t an African microorganism that 
causes the parasitic disease trypano¬ 
somiasis: an antisense oligonucleo¬ 
tide was directed against a sequence 
found on most, if not all, trypanosome 
messenger RNA's. 

Helene*s success at killing trypa¬ 
nosomes with antisense oligonucleo¬ 
tides illustrates the great potential of 
these molecules as therapeutic agents. 
Needless to say, much effort is now 
being directed toward developing 
safe and effective antisense oligonu¬ 
cleotides for medical purposes. Such 



PIGMENT GENES in petunias can be inhibited by antisense other flowers (b-d) contain antisense expression vectors that 
molecules, A normal flower (a) shows solid coloration. Three block the enzymatic production of red pigment in some ceUs. 


38 Scientific American January 1990 





agents could be especially important 
in the treatment of viral diseases, be¬ 
cause investigators often know the 
exact nucleic acid sequences pres¬ 
ent in disease-causing viruses. In tis¬ 
sue culture, antisense oligonucleotides 
have inhibited infections by herpes¬ 
viruses, influenza viruses and the 
human immunodeficiency virus that 
causes aids. 

It may also be possible to tar¬ 
get antisense oligonucleotides against 
dangerously mutated oncogenes, the 
genes that transform normal cells into 
cancer cells. The major challenge is to 
make antisense agents that will inacti¬ 
vate the mutated oncogene but not 
their normal precursors, or proto-on¬ 
cogenes, which are generally essential 
for cell survival. 

S uch therapeutic applications for 
antisense technology are still on 
the horizon. But antisense meth¬ 
ods are already making contributions 
to the understanding of gene function, 
particularly in the areas of develop¬ 
ment, cell growth and cell division. 
One noteworthy example is the work 
that has been done on the src gene, a 
cellular growth-promoting gene that 
is present in a mutated form in some 
viruses. The src gene encodes a pro¬ 
tein that controls the activity of other 
proteins by modifying them chemical¬ 
ly. It is an abnormal form of the src 
gene in the Rous sarcoma virus that 
transforms infected chicken cells. 

In 1987 Paul E. Neiman and his col¬ 
leagues at the Fred Hutchinson Can¬ 
cer Research Center in Seattle showed 
that antisense methods can prevent 
RSV from transforming cells. They de¬ 
veloped benign viruses that carried 
expression vectors for antisense RNA 
against the RSV src gene. When cells 
were infected with these special virus¬ 
es and then exposed to RSV, the cells 
did not transform; in a sense, they had 
been “immunized” against RSV. 

Understanding of the function of src 
has been further elaborated by David 
I. Shalloway of the Pennsylvania State 
University and Joseph B. Bolen of NIH 
and their colleagues. They conduct¬ 
ed experiments on the polyoma virus, 
which can transform cells much as 
RSV does. The transforming gene in 
polyoma virus is not src but one for a 
protein called middle T antigen. Nev¬ 
ertheless, if expression vectors encod¬ 
ing antisense-src RNA are introduced 
into polyoma-transformed cells, the 
cells lose their cancerous characteris¬ 
tics and revert to their normal form. 
This effect suggests that the polyoma 
virus transforms cells by activating 
The cellular src gene product It fol¬ 


lows, then, that .src can become an 
oncogene both directly (through mu¬ 
tation) and indirectly (by having poly¬ 
oma middle T antigen bind to it). 

Other genes regulating growth and 
development have also been studied 
with antisense techniques. In 1988 
Helmut Ponta, Peter Herrlich and their 
colleagues at the University of Karls¬ 
ruhe probed the interactions of three 
oncogene proteins: the fos gene prod¬ 
uct (which helps with the transcrip¬ 
tion of certain genes in the nucleus), 
the ms gene product (which brings 
chemical signals into the cell across 
the outer membrane) and the sis gene 
product (a membrane-bound receptor 
molecule affecting growth). Each of 
these three gene products can trans¬ 
form cells independently. Antisense 
RNA against the fos gene turned out to 
block the malignant effects of not only 
fos but also the abnormal ras and sis 
genes; it is therefore likely that fos 
mediates the activities of these genes. 

The cycle of cell growth and re¬ 
production, it has long been suspect¬ 
ed, is determined by a specific protein 
that gradually accumulates during cell 
growth and is destroyed rapidly dur¬ 
ing cell division. Such a protein, appro¬ 
priately called cyclin, was identified in 
1983 by Joan V. Rudemian of Harvard 
Medical School and Tim Hunt of the 
University of Cambridge, In 1989 Hunt 
and his colleagues showed that anti- 
sense DNA oligonucleotides directed 
against cydin-messenger RNA arrest 
cell growth and division, which sug¬ 
gested that cyclin is important to the 
cycle of growth and reproduction. 

O ne of the most important ap¬ 
plications for antisense tech¬ 
nology is the creation of partic¬ 
ularly revealing mutations on demand. 
Herbert Jackie and his colleagues at 
the University of Munich were the first 
to mimic mutations in Drosophila fruit- 
fly embryos with antisense technolo¬ 
gy. By inactivating specific genes with 
antisense RNA, they were able to pro¬ 
duce fruit flies whose characteristics 
matched those of flies known to have 
mutations in those genes. 

Such phenocopying has also been 
achieved in more complex organ¬ 
isms, including mice. “Shiverer” is the 
name given to a type of mutant mouse 
that has a defective nervous-system 
protein called myelin basic protein. 
Because of this defect, the myelin 
sheaths surrounding and insulating 
the nerve fibers are imperfect, and the 
shiverer mice shake uncontrollably. 
When antisense expression vectors 
against myelin basic protein are in¬ 
serted into normal mouse embryos, 


the resulting mice tremble like shiver¬ 
er mutants. Antisense methods may 
provide mouse models for the study 
of human disease states. 

Antisense techniques are not limit¬ 
ed to phenocopying mutations that 
already exist. Entirely new forms can 



TRIPLE HELICAL DNA is the result of a 
third DNA strand binding with a specific 
target region on a normal DNA duplex. 
In this triple-strand condition, the gene 
encoded by the duplex may not be tran¬ 
scribed. if an iron-containing molecule 
(Fe) is chemically bound to the end of the 
third DNA strand, it will cleave the DNA 
duplex and destroy the associated gene. 
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also be created to suit the purposes 
of investigators. Antisense expression 
vectors have been injected into petu¬ 
nias to inhibit an enzyme that pro¬ 
duces pigment in the flowers. The re- 
suiting flowers display unusual pig¬ 
ment patterns. In tomatoes, antisense 
expression vectors can inhibit an en¬ 
zyme that breaks down the tough, fi¬ 
brous walls around plant cells; treated 
tomatoes ripen more slowly than un¬ 
treated ones, which suggests that it 
may be possible to create tomatoes 
that can be transported more easily 
over great distances without spoiling 
or bruising. Antisense RNA directed 
against plant viruses has also been 
used to breed disease-resistant spe¬ 
cies of tobacco. 

M any important refinements of 
antisense technology are still 
needed, and many important 
questions must still be answered. For 
example, it should be possible to mod¬ 
ify antisense oligonucleotides chemi¬ 
cally so that they can be introduced 
into cells more efficiently or be bound 
with their targets more effectively or 
can modify their targets. In addition, 
certain parts of messenger RNA's may 
be more susceptible than other parts 
to inhibition by antisense RNA, As 
these susceptibilities become better 
understood, it should be possible to 
design more effective antisense RNA 
molecules. Methods must also be de¬ 
signed for ensuring that antisense 
RNA's and DNA oligonucleotides are 
maintained at a high level in cells. This 
could be accomplished by linking an 
antisense expression vector to a high¬ 
ly active promoter region or by modi¬ 
fying the antisense oligonucleotide 
chemically so that it is less vulnerable 
to degradation by nucleases. 

A greater understanding of the pre¬ 
cise mechanisms whereby antisense 
RNA inhibits the production of pro¬ 
teins is also essential. Research sug¬ 
gests that antisense RNA can act both 
within the cell's nucleus and in the 
cytoplasm and that it may arrest pro¬ 
tein translation by doing more than 
hybridizing with messenger RNA's. 
.Antisense RNA may act early with¬ 
in the nucleus to prevent messenger 
RNA's from being spliced and modi¬ 
fied in essential ways. Observations by 
Wold and Kim suggest that antisense 
RNA can prevent the export of mes¬ 
senger molecules from the nucleus to 
the ribosomes in the cytoplasm. It also 
appears that, at least in some cells, 
duplexed RNA is a sensitive target for 
potent enzymes. Recent experiments 
involving antisense RNA in mouse em¬ 
bryos have shown that cellular nucle¬ 


ases cut messenger RNA's at points 
where antisense RNA binds to them, 

A surprising observation was made 
by Brenda Bass in my laboratory. She 
discovered that when duplexes of an¬ 
tisense and messenger RNA are inject¬ 
ed into cells, some cellular activity 
separates the duplex into two strands. 
Further investigation revealed that the 
adenines in the A-U base pairs had 
been modified by the cell to become 
inosines (Z r s), another type of nucleo¬ 
tide base. These Z-t/base pairs are less 
stable, causing the duplex to fall apart. 
More important, the substitution of 
inosines for adenines in the messen¬ 
ger RNA should change the messen¬ 
ger's coded message, thereby prevent¬ 
ing it from producing its original pro¬ 
tein product. This substitution effect 
may enhance the inhibitory effects of 
antisense RNA in some cell types. 

Evidence that A-to-Z conversions oc¬ 
cur was found recently by Marc W. 
Kirschner and David Kimelman of the 
University of California at San Francis¬ 
co. They observed that a natural mes¬ 
senger RNA for a growth-and-differen- 
tiation factor is associated in embryos 
with an antisense partner and that the 
A's in these RNA's are converted to Z f s. 
Martin Bilieter of the University of Zur¬ 
ich and his colleagues have observed 
similar A-to-l conversions in viruses 
that infect human beings and that 
probably go through a double-strand 
RNA form during their life cycles. 

A completely new way of exploit- 

/\ing the exquisite specificity of 
X V base sequences to inactivate 
specific genes has recently been devel¬ 
oped. It goes back to important obser¬ 
vations made three decades ago by 
Alexander Rich, David R. Davies and 
Gary Felsenfeld of NIH and extended 
by Jacques R. Fresco of Princeton Uni¬ 
versity. They demonstrated that DNA 
can occasionally form triple helixes 
instead of duplexes: an extra strand 
associates specifically with certain se¬ 
quences in the paired strands. Bases in 
the third strand recognize and bind to 
specific base pairs in the duplex. 

In 1987 Dervan took advantage of 
this fact to form a triple helix whose 
third strand was a DNA oligonucleo¬ 
tide directed against a sequence in a 
normal duplex DNA. Attachment of a 
third strand may block the expression 
of the gene in the original duplex, 
possibly by blocking the attachment 
of control proteins or enzymes essen¬ 
tial to transcription. Dervan has also 
outfitted the oligonucleotide with the 
cleaving agent EBTA-Fe. The modified 
oligonucleotide cuts the DNA duplex 
at the site of triple-helix formation. As 


yet the mechanism whereby a third 
strand binds to a DNA duplex is only 
partially understood, and the code 
by which a third base “recognizes" a 
specific base pair is not complete¬ 
ly worked out. It should be possible, 
however, to design oligonucleotides 
that will predictably bind with and 
destroy specific double-strand DNA 
targets such as viral genes. This is an 
active area of current research. 

Another highly promising technique 
is targeted homologous recombina¬ 
tion: cloned DNA containing a mutat¬ 
ed copy of a target gene can be intro¬ 
duced into cells; this DNA somehow 
finds its target in the cell's nucleus 
and replaces it in its normal chromo¬ 
some context. Leland H. Hartwell of 
the University of Washington and his 
colleagues have shown that cloned 
genes can be engineered to overex¬ 
press themselves in cells, thereby re¬ 
sulting in phenotypes that provide 
clues to the functions of the genes. 
Cloned genes can be programmed to 
express themselves inappropriately in 
cells; my colleagues and I have shown 
that the expression of a muscle-deter¬ 
mining gene, MyoD ; in a fat cell will 
convert the cell to muscle. 

The challenge to think of new r ways 
to manipulate the activity of cellular 
genes is spurring the development of 
antisense technology and these other 
techniques. No doubt with more infor¬ 
mation, more sophisticated technol¬ 
ogy and additional imagination, new r 
approaches will emerge that will com¬ 
plement those already in use. The new r 
field of reverse genetics is rapidly pro¬ 
viding inroads into the understanding 
of gene function; with luck it will even¬ 
tually enhance medicine's ability to 
understand and treat disease. 
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What Drives Glacial Cycles? 

Massive reorganizations of the ocean-atmosphere system, 
the authors argue, are the key events that link cyclic changes 
in the earth’s orbit to the advance and retreat of ice sheets 

by Wallace S. Broecker and George H, Denton 


E ight times within the past mil¬ 
lion years, something in the 
earth’s climatic equation has 
changed, allowing snow in the moun¬ 
tains and the northern latitudes to re¬ 
main where it had previously melted 
away. The snow compacted into ice, 
and the ice built up into glaciers and 
ice sheets. Over tens of thousands of 
years, the ice sheets reached thick¬ 
nesses of several kilometers; they 
planed, scoured and scarred the land¬ 
scape as far south as central Europe 
and the midwestem US. And then 
each glacial cycle came to an abrupt 
end. Within a few thousand years, the 
ice sheets shrank back to their pres¬ 
ent-day configurations. 

Over the past 30 years, evidence has 
mounted that these glacial cycles are 
ultimately driven by astronomical fac¬ 
tors: slow, cyclic changes in the eccen¬ 
tricity of the earth’s orbit and in the 
tilt and orientation of its spin axis. By 
altering the intensity of the seasons, 
the astronomical cycles somehow tip 
the balance between glacial buildup 
and glacial retreat. But what is the link 
between astronomy and the ice ages? 
How are the seasonality changes lever¬ 
aged into global changes in climate? 

Any answer must contend with the 
vast array of evidence that has ac¬ 
cumulated about the nature, timing 
and extent of the climatic shifts that 
accompanied ice buildup and retreat. 
Many workers have proposed that the 


ICE FIELD IN PATAGONIA ends in a deep 
glacial lake. Such Southern Hemisphere 
glaciers have grown and shrunk in con¬ 
cert with the great northern ice sheets, 
according to radiocarbon dating of veg¬ 
etation (such as the trees in the fore¬ 
ground) that was overwhelmed by ad¬ 
vancing glaciers or thai look root after 
Their retreat. The timing is a puzzle be¬ 
cause the intensity of summer sunshine, 
which is thought to influence ice growth, 
changes on quite different schedules at 
middle latitudes in the two hemispheres. 


seasonality changes act directly on 
the ice sheets of the Northern Hemi¬ 
sphere. A reduction in summer sun¬ 
shine allows ice to build up T and an 
increase melts it away; the ice in turn 
alters the earth’s climate. In contrast, 
we think the ice sheets were a con¬ 
sequence of broader climatic events. 
By altering patterns of evaporation 
and rainfall, the changes in seasonal 
intensity appear to have caused the 
ocean and atmosphere (a single, cou¬ 
pled system) to flip from one mode 
of operation to another, very different 
mode. With each flip, ocean circula¬ 
tion changed and heat was carried 
around the globe differently, the prop¬ 
erties of the atmosphere were altered, 
climate changed—and the ice sheets 
grew or shrank. 

O ur proposal is not a rejection 
of the astronomical theory of 
the ice ages but an extension 
of it. The hypothesis was first pro¬ 
posed in 1842, just a few years af¬ 
ter the Swiss-American naturalist Lou¬ 
is Agassiz argued that polished and 
scarred rocks and heaps of detritus in 
the Alps recorded some past age of 
glaciers. In that year the French math¬ 
ematician Joseph A. Adhemar suggest¬ 
ed that astronomically driven changes 
in the intensity of the seasons might 
periodically trigger glaciation. 

The Yugoslav astronomer Milutin Mi¬ 
lan kovitch refined and formalized the 
hypothesis in the 1920’s and 1930’s. 
The astronomical pacemaker he advo¬ 
cated has three components, two that 
change the intensity of the seasons 
and a third that affects the interaction 
between the two driving factors. The 
first is the tilt of the earth’s spin axis. 
Currently about 23.5 degrees from the 
vertical, it fluctuates from 21.5 de¬ 
grees to 24.5 degrees and back every 
41,000 years. The greater the tilt is, the 
more intense seasons in both hemi¬ 
spheres become: summers get hotter 
and winters colder. 

The second, weaker factor control¬ 


ling seasonality is the shape of the 
earth’s orbit. Over a period of 100,000 
years, the orbit stretches into a more 
eccentric ellipse and then grows more 
nearly circular again. As the orbital ec¬ 
centricity increases, the difference in 
the earth’s distance from the sun at 
the orbit's nearest and farthest points 
grows, intensifying the seasons in one 
hemisphere and moderating them in 
the other. (At present the earth reach¬ 
es its farthest point during the South¬ 
ern Hemisphere winter; as a result, 
southern winters are a little colder— 
and summers a little warmer—than 
their northern counterparts.) 

A third astronomical fluctuation 
governs the interplay between the tilt 
and eccentricity effects. It is the pre¬ 
cession, or wobble, of the earth’s spin 
axis, which traces out a complete cir¬ 
cle on the background of stars about 
every 23,000 years. The precession 
determines whether summer in a giv¬ 
en hemisphere falls at a near or a far 
point in the orbit—in other words, 
whether tilt seasonality is enhanced 
or weakened by distance seasonality. 
When these two controllers of season¬ 
ality reinforce each other in one hemi¬ 
sphere, they oppose each other in the 
opposite hemisphere. 


WALLACE S. BROECKER and GEORGE 
H. DENTON bring diverse interests to 
their study of ice ages. Broecker got his 
Ph.D. at Columbia University in 1958 
and has pursued his career there. He 
is now professor of geochemistry at the 
Lamont-Doherty Geological Observatory 
of Columbia University. In addition to 
ancient climates, he follows research in¬ 
terests in ocean chemistry, isotope dat¬ 
ing and environmental science. Denton 
is professor of geology at the University 
of Maine. After earning a Ph.D. at Yale 
University in 1965, he did postdoctoral 
work at the University of Stockholm and 
then moved to Maine. He has spent 36 
seasons in the field studying the tim¬ 
ing and extent of glacial advances, 22 of 
them in Antarctica and elsewhere in the 
Southern Hemisphere. 
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Milankovitch calculated that these 
three factors work together to vary the 
amount of sunshine reaching the high 
northern latitudes in summer over a 
range of some 20 percent—enough, he 
argued, to allow the great ice sheets 
that advanced across the northern 
continents to grow during intervals of 
cool summers and mild winters. For 


many years, however, the lack of an 
independent record of ice-age timing 
made the hypothesis untestable. 

I n the early 1950's Cesare Emiliani, 
working in Harold C. Urey’s labora¬ 
tory at the University of Chicago, 
produced the first complete record of 
the waxings and wanings of past glacF 




.8 .9 1.0 

SUMMER SUNSHINE 
(THOUSANDS OF CALORIES PER 
SQUARE CENTIMETER PER DAY) 



ASTRONOMICAL CYCLES (fop) are the pacemaker of glaciation. The cycles—23,000 to 
100,000 years in length—affect the eccentricity of the earths orbit, the orientation 
of its spin axis (which slowly traces out a cone in space) and the tilt of the axis (which 
affects the width of the cone). The effect of the changes on the intensity of summer 
sunshine at high northern latitudes is shown at the left. The curve at the right indi¬ 
cates the volume of the earth's ice sheets, determined from isotopic studies of sea¬ 
floor sediments. Ice volume climbs gradually for about 100,000 years and then falls 
abruptly in ice-age terminations that correspond to episodes of increasing summer 
sunshine at northern latitudes. (Seasonality varies differently in the Southern Hemi¬ 
sphere, which suggests that northern seasonality must be w r hat drives ice ages.) 


ations. It came from a seemingly odd 
place, the sea floor. Single-cell marine 
organisms called foraminifmi house 
themselves in shells made of calcium 
carbonate. When the foraminifera die, 
sink to the bottom and contribute to 
the sea-floor sediments, the carbonate 
of their shells preserves certain char¬ 
acteristics of the seawater they inhab¬ 
ited. In particular, the ratio of a heavy 
isotope of oxygen (oxygen 18) to or¬ 
dinary oxygen (oxygen 16) in the car¬ 
bonate preserves the ratio of the two 
oxygens in the water molecules. 

It is now understood that the ratio 
of oxygen isotopes in seawater closely 
tracks the proportion of the world's 
water that is locked up in glaciers and 
ice sheets. A kind of meteorological 
distillation accounts for the link. Wa¬ 
ter molecules containing the heavier 
isotope rend to condense and fall as 
precipitation a tiny bit more readily 
than molecules containing the lighter 
isotope. Hence, as water vapor evapo¬ 
rated from warm oceans moves away 
from the source, its oxygen 18 pref¬ 
erentially returns to the oceans in 
precipitation. What ultimately falls as 
snow on ice sheets and mountain gla¬ 
ciers is relatively depleted of oxygen 
18. As the oxygen 18-poor ice builds 
up, the oceans become relatively en¬ 
riched in the isotope. The larger the 
ice sheets grow, the higher the propor¬ 
tion of oxygen 18 becomes in seawa¬ 
ter—and hence in the sediments. 

Analyzing cores drilled from sea¬ 
floor sediments, Emiliani found that 
the isotopic ratio rose and fell in 
rough accord with the cycles Milan¬ 
kovitch had predicted. Since that pi¬ 
oneering observation, oxygen-isotope 
measurements have been made on 
hundreds of cores. A chronology for 
the combined record enabled James D. 
Hays of Columbia University, John Im- 
brie of Brown University and Nicholas 
Shackleton of the University of Cam¬ 
bridge to show in 1976 that the record 
contains the very same periodicities 
as the orbital processes. 

Over the past 800,000 years, the 
global ice volume has peaked every 
100,000 years, matching the period 
of the eccentricity variation. In addi¬ 
tion, “wrinkles" superposed on each 
cycle—small decreases or surges in 
ice volume—have come at intervals of 
roughly 23,000 and 41,000 years, in 
keeping with the precession and tilt 
frequencies. Imbrie, working with a 
group called specmap, later strength¬ 
ened the case for the astronomical 
theory even more when he showed 
that the amplitude of the shorter-pe¬ 
riod signals has varied exactly as one 
would expect if the signals were tae- 
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ICE SHEETS AND MOUNTAIN GLACIERS expanded in botli hemi¬ 
spheres during the last ice age. The map (an unusual equal- 
area projection) shows the extent of land ice {red) and sea ice 
{yellow) on all the continents at peak glaciation some 19,500 
years ago. (Land ice extended beyond some present coastlines 


because the sea level was lower.) The graph traces the aver¬ 
age elevation of mountain snow lines on the American cordil¬ 
lera, plotted along the north-south transect indicated on the 
map. Ice-age snow lines {blue line ) were about 1,000 meters 
lower than snow lines are today (red) t regardless of latitude. 
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TIMING of glacial retreat was identical in the Northern Hemi- 
sphere {left) and in the Southern Hemisphere (center). The 
graphs give the extent of mountain glaciers and ice sheets 
from their source regions (in kilometers) and show that in ev¬ 


ery case dramatic retreat began 14,000 years ago. Changes in 
seasonal intensity could not have driven the retreat directly, be¬ 
cause even though northern summers were getting stronger, 
summers in the Southern Hemisphere were weakening (right). 


ing modulated by distance seasonality. 

To be sure, there were loose ends. 
The 100,000-year variation has a much 
weaker effect on seasonal sunshine 
than the shorter cycles do, and yet it 
apparently sets the fundamental fre¬ 
quency of glaciation. The shorter cy¬ 
cles emerge only in the wrinkles in the 
isotopic record. What is more, the cal¬ 
culated seasonality cycles rise and fall 
smoothly, but the ice curve is saw¬ 
toothed: the ice grows episodically for 
nearly 100,000 years and then crash¬ 
es in a few thousand, in a period of 
strengthening northern summers. 

Workers have sought answers to 
both puzzles in the physics of the ice 
sheets and the underlying rock, which 
sinks under the weight of the ice. For 
example, William R. Peltier and Wil¬ 
liam T. Hyde of the University of To¬ 
ronto have built a theoretical model 
that incorporates assumptions about 
how the bedrock sinks and that close¬ 
ly reproduces both the dominance of 
the 100,000-year cycle and the rapid 
retreat of the ice. In the model, it takes 
nearly 100,000 years for an ice sheet 
to reach a critical size, at which point 
the ductile rock below the earth's crust 
begins to flow rapidly and allows the 
burdened crust to sink. The surface 
of the ice sheet drops; warmed by 
the lower elevation, the ice can melt 
rapidly when the shorter-period cy¬ 
cles bring the next episode of strong 
northern summers. 

P eltier and Hyde’s model, like 
many other models, assumes 
that Northern Hemisphere sea¬ 
sonality changes drive glacial advance 
and retreat directly, with bedrock re¬ 
sponse shaping each cycle and setting 
its length. Yet the assumption suffers 
a crucial problem: glaciers grew and 


retreated in the Southern Hemisphere 
as well. Studies by geologists, includ¬ 
ing the late John H. Mercer of Ohio 
State University and Stephen C Porter 
of the University of Washington, show 
that during the last ice age, climate 
changed at the same times and by 
comparable amounts in the middle lat¬ 
itudes of the Southern Hemisphere— 
even though seasonality there varies 
on a quite different schedule. 

They and others have found, for 
example, that during the last ice age 
the earth’s mountain glaciers also ex¬ 
panded. The evidence—from the heaps 
of debris plowed up by the glaciers, 
known as moraines—is as clear in the 
tropics (New Guinea, Hawaii, Colom¬ 
bia and Fast Africa) and the southern 
temperate latitudes (Chile, Tasmania 
and New Zealand) as it Is in north¬ 
ern temperate latitudes (the Cascades, 
the Alps and the Himalayas). On all 
the mountains studied so far, regard¬ 
less of geographic setting or precipi¬ 
tation rate, the snow line descended 
by about one kilometer, correspond¬ 
ing to a drop in temperature of about 
five degrees Celsius. 

Where organic material was trapped 
in the moraines, radiocarbon dating 
shows that the glaciers advanced and 
retreated on the same schedule. They 
fluctuated near their maximum ex¬ 
tent between about 19,500 and 14,- 
000 years ago, about the same time as 
the glaciation of northern continents 
peaked. Then, just as the northern ice 
sheets began to shrink, the mountain 
glaciers underwent a dramatic retreat 
that sharply reduced their size by 
about 12,500 years ago. 

How could changes in summer sun¬ 
shine at the latitude of Iceland have 
caused glaciers to grow and retreat 
in New Zealand and the southern An¬ 


des? If orbital cycles do indeed drive 
glacial cycles by acting directly on 
northern ice sheets, the response to 
seasonality' changes in the high north¬ 
ern latitudes must be strong enough 
to override the effects of the very dif¬ 
ferent changes in the Southern Hemi¬ 
sphere. One possibility is that the 
northern ice sheets themselves trans¬ 
late Northern Hemisphere seasonality 
into climatic change around the world. 

Two links between the northern ice 
sheets and ice growth worldwide have 
been proposed, but neither one bears 
up well under scrutiny. One invokes 
sea level, which would have dropped 
as the growth of the northern ice 
locked up much of the world's water. 
Since glaciers can grow only on land, 
the drop in sea level might have al¬ 
lowed southern glaciers to expand 
onto the exposed continental shelves 
even without a global change in tem¬ 
perature. Later, when the northern 
ice sheets melted, the rise in sea lev¬ 
el might have broken up the margins 
of the Southern Hemisphere glaciers, 
forcing them to retreat. The explana¬ 
tion is plausible only for .Antarctica, 
however, because most mountain gla¬ 
ciers do not approach the sea. 

The second proposal relies on the 
high albedo, or reflectivity, of the 
vast northern ice sheets. By reduc¬ 
ing the absorption of sunlight by the 
planet as a whole, the ice might have 
led to global cooling and allowed gla¬ 
ciers to grow at southern latitudes. 
Yet computer climate models show 
that the albedo effects of Northern 
Hemisphere ice sheets should be con¬ 
fined to northern latitudes. Also, if 
ice albedo does drive global climat¬ 
ic change, one would expect to find 
a pronounced north-to-south gradi¬ 
ent in the mountain-glacieT record, 
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with mountains adjacent to the north¬ 
ern ice sheets recording the greatest 
snow-line lowering and the Andes, say, 
showing very little change. No such 
gradient is seen. 

Any causal link between the ice 
sheets and global climatic change 
also must contend with the timing 
of the mountain-glacier retreat. Both 
the northern ice sheets and the moun¬ 
tain glaciers began their retreat from 
the last glacial maximum at the same 
time, about 14,000 years ago. The 
continental glaciers took about 7,000 
years to melt away, whereas the moun¬ 
tain glaciers shrank much more quick¬ 
ly. The disparity suggests that the 
northern ice sheets cannot be calling 
the tune for climate over the rest of 
the earth. 

I f the ice sheets themselves can¬ 
not link the astronomical cycles to 
the climatic shifts, what can? Clues 
come from core samples drilled from 
depths of as much as two kilometers 
in the ice that still blankets Greenland 
and Antarctica. The first thing the ice 
cores offer is confirmation of the glob¬ 
al and synchronous character of ice- 
age climatic changes* 

The oxygen 18 content of glacial ice 
is depleted in general, but the exact 
content records the local temperature 
at the time the ice was laid down. (The 
colder a parcel of air becomes, the 
more of its water vapor is likely to 
have fallen already in precipitation, 
reducing the oxygen 18 content of 
the remaining vapor.) Isotopic studies 
of the Greenland and Antarctic cores 
show T that during the last glaciation 
both poles cooled—to as much as 
10 degrees C below today's tempera¬ 
tures—and warmed In step* 

The ice also revealed something 
much more intriguing. Groups led 
by Hans Oeschger of the University 
of Bern and Claude Lorius of the Lab¬ 
oratory of Glaciology and Geophys¬ 
ics of the Environment, near Greno¬ 
ble, measured the carbon dioxide con¬ 
tent of the tiny bubbles of ancient air 
trapped in the ice. They found that 
during the last glaciation the carbon 
dioxide concentration of the atmos¬ 
phere was about two thirds of its 
interglacial level. The carbon dioxide 
curve pointed to a missing ingredient 
in the climatic recipe: the ocean. 

Only a major shift in the ocean's 
operation could account for such a 
dramatic change in atmospheric com¬ 
position. After all, the oceans hold 
60 times as much carbon dioxide as 
the atmosphere; because the gas read¬ 
ily diffuses between the ocean surface 
and the atmosphere, its concentration 


in surface waters regulates the atmos¬ 
pheric concentration. 

Living things in turn control the sur¬ 
face-water concentration, by acting as 
a biological pump that transfers car¬ 
bon dioxide from the surface to the 
ocean depths. In the course of photo¬ 
synthesis, the tiny green plants of the 
ocean's sunlit upper layers capture 
dissolved carbon dioxide to form or¬ 
ganic tissue. Some of the plant matter, 
as well as animal tissue nourished 
by the plants, eventually sinks into 
the deep sea, where bacteria oxidize 
it back to carbon dioxide. Thus, the 
gas is continuously pumped into the 
abyss, together with nutrients such as 
phosphate and nitrate. 

The efficiency of this pump depends 
not only on the surface communi¬ 
ty’s population and species but also 
on vertical mixing patterns. The exact 
link between pumping efficiency and 
ocean circulation is controversial, but 
one can imagine, for example, that if 
the mixing of deep waters with the 
surface is slowed, surface plant life 
will have more time to deplete the 
shallow r water of carbon dioxide be¬ 
fore more of the gas is stirred up from 
the depths. During glacial time, some 
combination of altered mixing and 
changes in ecology must have made 
the biological pump more efficient 

T he first indications that the ice- 
age ocean did operate different¬ 
ly came from fossil evidence: 
changes in the populations of micro¬ 


organisms that inhabit water masses 
of specific temperature and salinity, 
studied by William F. Ruddiman and 
Andrew McIntyre of Columbia Univer¬ 
sity and by Detmar F. Schnitker of the 
University of Maine. More recently a 
geochemical technique pioneered by 
Edward A. Boyle of the Massachusetts 
Institute of Technology provided dra¬ 
matic and direct confirmation that the 
ocean circulated differently during the 
last glaciation. 

Boyle discovered that, for unknown 
reasons, the distribution of cadmium 
in today’s oceans closely matches that 
of phosphate and nitrate nutrients. Be¬ 
cause the cadmium ion has the same 
charge and size as calcium, Boyle 
guessed that cadmium might substi¬ 
tute for calcium in the calcium car¬ 
bonate of foraminiferal shells. If it 
does, measurements of cadmium in 
shells from sediment cores might re¬ 
veal the distribution of nitrate and 
phosphate in the glacial ocean. 

Boyle’s intuition proved correct 
when he found that foraminifera 
in the present-day ocean do incorpo¬ 
rate cadmium in a constant propor¬ 
tion to its abundance hi seaw r ater. Fie 
then measured cadmium in sediment 
cores. The result was exciting: a key 
signature of the Atlantic’s pTesent-day 
circulation was missing during glacial 
time, until about 14,000 years ago. 

Currently the Atlantic’s deep water 
contains only about half as much phos¬ 
phate and nitrate as the deep waters 
of the Pacific and Indian oceans. The 



DEEP SALTY CURRENT threads the world's oceans, compensating for the transport of 
water vapor by the atmosphere. (Light blue arrows indicate shallow return flow.) The 
current originates in the North Atlantic, where northward-flowing warm water that is 
unusually saline (and therefore dense) because of excess evaporation is chilled, 
which increases its density further. It sinks into the abyss and flows southward, out 
of the Atlantic. Most of the salty water that is supplied by this Atlantic “conveyor" 
mixes upward in the Pacific, making up for excess precipitation there. The Atlan¬ 
tic conveyor—and probably the entire system—was disrupted during glacial time. 
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low nutrient content reflects the wa¬ 
ter's recent sojourn near the surface 
(where biological activity depletes 
the nutrients). Every winter at about 
the latitude of Iceland, water of rel¬ 
atively high salinity, flowing north¬ 
ward at intermediate depths (perhaps 
800 meters), rises as winds sweep 
the surface waters aside. Exposed to 
the chill air, the water releases heat, 
cooling from 10 degrees C to two 
degrees. The water’s high salinity to¬ 
gether with the drop in temperature 
makes it unusually dense, and it sinks 
again, this time all the way to the 
ocean bottom. 

The formation of the North Atlantic 
deep water, as it is called, gives off a 
staggering amount of heat. Equal to 
about 30 percent of the yearly direct 
input of solar energy to the surface 
of the northern Atlantic, this bonus 
of heat accounts for the surprisingly 
mild winters of Western Europe, (The 
warming is often mistakenly ascribed 
to the Gulf Stream, which ends well to 
the south.) The magnitude of the verti¬ 
cal circulation is also immense, aver¬ 
aging 20 times the combined flow of 
all the world’s rivers. Indeed, much of 


the deep water in the world’s oceans 
ultimately originates here. From its 
source the water floods the deep At¬ 
lantic, curves around the southern tip 
of Africa and joins the deep current 
that circles Antarctica and distributes 
deep water to the other oceans. 

As the deep water ages and travels 
away from the site of its formation, 
it collects sinking phosphate and ni¬ 
trate, which results in a gradient of 
increasing nutrient levels. By measur¬ 
ing the cadmium content of foramiruf- 
era that lived near the bottom, Boyle 
found that during glacial time the nu- 
irients were more uniformly distribut¬ 
ed through the depths of the world’s 
oceans. In addition, the concentration 
in the glacial Atlantic peaked in the 
deepest parts rather than at interme¬ 
diate depths, as it does today. 

These results bore out the implica¬ 
tion of the earlier micro fossil studies. 
The Atlantic "conveyor," which releas¬ 
es vast quantities of heat to the North 
Atlantic and sends immense volumes 
of water into the abyss, was shut down 
until the last ice age ended 14,000 
years ago. In the absence of this key 
component, worldwide ocean circula¬ 


tion must have looked very different. 

The sea and land evidence togeth¬ 
er points to a simultaneous change 
in the operation of the ocean and 
the atmosphere 14,000 years ago. The 
pattern of ocean circulation shifted 
dramatically; glaciers in both hemi¬ 
spheres began retreating, signaling 
global warming; and the carbon diox¬ 
ide content of the atmosphere start¬ 
ed to rise to interglacial levels. We 
think these events indicate a major re¬ 
organization of the joint ocean-atmos¬ 
phere system—a jump from a glacial 
mode of operation to an interglacial 
mode. Indeed, we believe that abrupt 
jumps among several ocean-atmos- 
phere modes may underlie glacial cy¬ 
cles in general. 

W e propose that changes in 
seasonality are the ultimate 
causes of these mode shifts. 
Although we can suggest no simple 
mechanisms linking seasonality, the 
ocean-atmosphere system and global 
climate, we can offer some insights. 

The atmosphere, which would cer¬ 
tainly feel the effects of seasonal¬ 
ity changes, strongly influences the 
circulation of the ocean. The link in¬ 
volves the distribution of salt. Prevail¬ 
ing winds transfer water evaporated 
from one part of the ocean to another 
region, where it falls as precipitation. 
The transport of vapor leaves a heri¬ 
tage of salt in the first region and 
dilutes the salinity of the second. 

Now, the tendency of surface waters 
to sink into the depths and initiate 
a vertical conveyor belt like that of 
the North Atlantic depends on Their 
dcnsit> r . Density' reflects both temper¬ 
ature and salinity, but salinity is the 
decisive factor. (Surface water cools 
almost to the freezing point through¬ 
out the high latitudes in winter, but 
only where it is unusually saline does 
it sink into the abyss.) The system has 
a built-in nonlinearity: a gradual shift 
in atmospheric circulation, by chang¬ 
ing salinity in regions such as the 
North Atlantic, could dramatically al¬ 
ter the global circulation pattern. In¬ 
deed, the Atlantic conveyor appears 
to be the most vatlnerable part of the 
system, which may explain why it is 
Northern Hemisphere seasonality that 
drives global climatic changes. 

A climatic event called the Younger 
Dryas, which took place several thou¬ 
sand years after the glaciers started to 
retreat, provides a smoking gun for 
this part of our case. It vividly illus¬ 
trates the link between the transport 
of fresh water—in this case liquid wa¬ 
ter and not vapor—and ocean circula¬ 
tion. About 11,000 years ago the re- 



SLD1MENT CORE (left) from the North Atlantic testifies to an abrupt change in cir¬ 
culation at the end of the penultimate glaciation about 128,000 years ago. The tran¬ 
sition (identified by Gerard C. Bond of Columbia University) spans a few millime¬ 
ters and represents about SO years. A scanning electron micrograph of coarse ma¬ 
terial from the dark sediments (bottom) reveals abundant rock fragments, rich in 
silicon (Wue in an X-ray map), presumably dropped by melting icebergs. The light- 
colored sediments (fop) include almost no rock and are made up mainly of shells, 
rich in calcium (red), from marine organisms that inhabit warm waters, (Shells in the 
dark sediments came from cold-water species.) The sudden revival of the Atlantic 
conveyor must have wanned the surface, eliminating icebergs and altering ecology. 
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DIVERSION OF MELTWATER during the retreat of the North 
American ice sheet some 11,000 years ago may explain the 
1,000-year cold spelJ known as the Younger Dryas. Lake Ag¬ 
assiz, fed by meltwater, had been draining down the Mis¬ 
sissippi River to the Gulf of Mexico. When the retreat of the 
ice opened a channel to the east, however, the water flooded 


across the region of the Great l akes to the St. Lawrence Riv- 
er ( arrow). The influx of fresh water to the North Atlantic di¬ 
luted the salinity of surface water, reducing its density and 
preventing it from sinking. The Atlantic conveyor was shut 
down: warm water could no longer flow northward, and a broad 
region around the North Atlantic was chilled (hatched area). 


tTeat of the glaciers was well under 
way, and temperatures had risen to 
their interglacial levels. Suddenly, in 
as Little as 100 years, northern Europe 
and northeastern North America re¬ 
verted to glacial conditions. Pollen rec¬ 
ords show that the forests that had 
colonized postglacial Europe gave way 
to arctic grasses and shrubs {including 
the Uryas flower, for which the period 
is named), and the Greenland ice core 
records a local cooling of six degrees 
C About 1,000 years later, this cold 
spell ended abruptly—in as little as 
20 years, recent work by Willi Dans- 
gaard of the University of Copenha¬ 
gen suggests. 

Boyle’s cadmium measurements, to¬ 
gether with the record of surface-wa¬ 
ter foraminifera in the North Atlantic, 
tell what happened. Both indicators 
return to their glacial state at the on¬ 
set of the Younger Dryas. The convey¬ 
or belt had shut down once again. 
Deep-water formation had stopped, 
and so the warm intermediate-depth 
water that supplies Europe's bonus of 
heat could no longer flow northward. 
The chill over the region was dispelled 
only when the conveyor began run¬ 
ning again 1,000 years later. 


A massive influx of fresh water from 
the melting North American ice sheet 
seems to have killed the conveyor 
and precipitated the Younger Dryas. 
The ice sheet started shrinking 14,000 
years ago; for the 7,000 years it took to 
melt away, it must have released fresh 
water at about the same rate as to¬ 
day's Amazon River. At first nearly all 
the meltwater from the southern edge 
of the massive ice sheet flowed down 
the Mississippi River to the Gulf of 
Mexico. About 11,000 years ago, how¬ 
ever, a major diversion sent meltwater 
in torrents down the St. Lawrence Riv¬ 
er to the Atlantic. 

A vast clearinghouse for meltwater, 
known as Lake Agassiz, had formed 
in the bedrock depression at the edge 
of the retreating ice sheet in what is 
now southern Manitoba, Until 11,000 
years ago the lake, larger Than any 
of the existing Great Lakes, had over¬ 
flowed a bedrock lip to the south and 
drained down the Mississippi. Then 
the retreat of the ice opened a channel 
to the east. The water level in Lake Ag¬ 
assiz dropped by 40 meters as water 
flowed across the region of the Great 
Lakes and down the St. I .awrence. 

Foraminifera from surface waters of 


the Gulf of Mexico record this diver¬ 
sion, Their oxygen 18 content had 
been anomalously low, reflecting the 
oxygen 16-rich meltwater discharging 
from the Mississippi. About 11,000 
years ago the isotopic ratio increased 
abruptly as the Lake Agassiz diversion 
shut off the meltwater flow to the Gulf. 

The meltwater, meanwhile, poured 
into the North Atlantic close to the site 
of deep-water formation. There it re¬ 
duced the salinity of surface waters 
(and hence their density) by so much 
that, in spite of severe winter cooling, 
they could not sink into the abyss. The 
conveyor belt stayed off until 1,000 
years later, when a lobe of ice ad¬ 
vanced across the western end of the 
Lake Superior basin and once again 
blocked the exit to the east. Lake Agas¬ 
siz rose again by 40 meters, diverting 
the meltwater back down the Missis¬ 
sippi. The conveyor belt was reactivat¬ 
ed, and Europe warmed up again. 

T he Younger Dryas links freshwa¬ 
ter flow, ocean circulation and 
climate—but only regional cli¬ 
mate, Only around the North Atlan¬ 
tic did the episode bring a sharp cool¬ 
ing; elsewhere its effects were slight 
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THOUSANDS OF YEARS AGO 

END OF THE LAST ICE AGE brought global changes, summarized here, that began 
at the same lime about 14,000 years ago even though they proceeded at different 
rales. The circulation of the North Atlantic shifted abruptly from glacial to intergla¬ 
cial conditions (with a brief relapse during the Younger Dryas cold snap) as deep¬ 
water production resumed. Al the same lime, the amount of dusi in the atmosphere 
dropped and the concentration of carbon dioxide started to increase. The shifts 
may have been part of a larger reorganization of the ocean and atmosphere that 
warmed the planet and caused mountain glaciers and ice sheets to start retreating. 


or absent. Unlike the glaciations, the 
Younger Dryas affected only the trans¬ 
port of heat (from low latitudes to the 
North Atlantic) and not the global cli¬ 
mate. How could a change in ocean- 
atmosphere operation during the tee 
ages have cooled the world as a whole? 

The Greenland and Antarctic ice 
cores suggest part of an answer. The 
lower level of atmospheric carbon di¬ 
oxide they record for the last glaci¬ 
ation would certainly have contrib¬ 
uted to the cooling: carbon dioxide 
is a greenhouse gas that warms the 
earth's surface by trapping solar ener¬ 
gy. Computer climate simulations sug¬ 
gest, however, that the global cooling 
caused by the observed drop in carbon 
dioxide would be at most two degrees 
O—less than half of what is recorded 
in the mountain glaciers. 

Two other changes recorded in the 
ice cores must also have contributed. 
Ice-age air contains only half the post¬ 
glacial level of methane. Methane, too, 
is a greenhouse gas, although the ice- 
age cooling attributable to reduced 
methane amounts to just a few tenths 
of a degree. In addition, dust is about 
30 times as abundant in glacial-age 
ice as in more recent layers, confirm¬ 
ing evidence from other sites that the 


ice-age atmosphere was exceedingly 
dusty. Dust, too, could have contribut¬ 
ed to the cooling, by reflecting sun¬ 
light. Unfortunately, its effect is hard 
to quantify. 

The dustiness and low methane 
content of the ice-age air do suggest 
that the glacial mode of ocean-atmos¬ 
phere operation had imposed a dry cli¬ 
mate. Dust, after all, blows from areas 
where vegetation is sparse, whereas 
methane is produced in swamps. Dry 
conditions (which are also recorded 
in ice-age land forms, such as sand 
dunes, and in pollen deposits) would 
have had their own effect on global 
temperatures. Temperature falls more 
rapidly with increasing altitude in a 
drier atmosphere: hence, the drying 
could have contributed to the depres¬ 
sion of mountain snow lines, 

E ven added together, the impacts 
of carbon dioxide, methane, dust 
and drying may come up short in 
accounting for the temperature differ¬ 
ence between the glacial and the inter¬ 
glacial planet. What else could have 
contributed? One possibility is that 
the ocean-atmosphere reorganization 
changed the characteristics of clouds 
and made them more reflective. 


Clearly, our account of how changes 
in ocean-atmosphere operation could 
have cooled the planet is incomplete. 
Moreover, since we appeal to Northern 
Hemisphere seasonality' to pace these 
mode shifts, we encounter the same 
problem faced by other theorists: Why 
is the 100,000-year astronomical cy¬ 
cle dominant when it is the weakest of 
the three? Perhaps ice-sheet growth 
has a feedback effect on atmospher¬ 
ic circulation. The ocean-atmosphere 
system might become most suscepti¬ 
ble to a mode shift once the ice sheets 
reached a critical size—which might 
take 100,000 years. 

Still, much recent evidence favors 
our basic proposal: transitions be¬ 
tween glacial and interglacial condi¬ 
tions represent jumps between two 
stable but very different modes of 
ocean-atmosphere operation. If the 
earth's climate system does jump be¬ 
tween quantized states, like the elec¬ 
trons around an atom, all climate in¬ 
dicators should register a transition 
simultaneously. In this regard, the 
evidence from the end of the last ice 
age is most impressive. The warming 
of North Atlantic surface waters, the 
onset of melting in the northern ice 
sheets and the mountain glaciers of 
the Andes, the reappearance of trees 
in Europe and changes in plankton 
ecology near Antarctica and in the 
South China Sea—all took place be¬ 
tween 14,000 and 13,000 years ago. 

If the global climate system does 
prove to have quantized states, clima¬ 
tologists will have gained new insight 
into the way astronomical forcing, 
acting mainly in high northern lati¬ 
tudes, could transform climate world¬ 
wide, They will also have new cause for 
concent over the earth's climatic fu¬ 
ture, just as 14,000 years ago the earth 
was feeling the gradual forcing effect 
of stronger northern summers, so now 
it is subject to gradual forcing as hu¬ 
man activity releases carbon dioxide 
and other greenhouse gases into the 
atmosphere. Will the climate system 
again respond abruptly, by flipping to 
an entirely new mode? 
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Our force 
is your energy 

With every product and every ac¬ 
tivity, Olivetti has just one aim: to 
concentrate the benefits and the full 
potential of the power of technology 
within the hands of the user. 

This means making information 
science more useful and more usea 
ble T in more ways, for more people 
than any other company involved in 
information technology. 

ft is from you, the user, that we 
get all the best ideas for improving 
ourselves and everything we do is for 
you. “Our force is your energy’. 

Olivetti 




SCIENCE and BUSINESS 


Computer Babble 

Manufacturers move slowly 
to adopt open systems 

A bout five years ago managers at 

/\ Eastman Kodak made a vexing 
JL \. observation: the multitude of 
computers at the disposal of their 
engineers did not always help. Many 
investigators had to spend half of 
their time writing software tools sim¬ 
ply to communicate with other com¬ 
puters at Kodak or even to run their 
research problems on the machines in 
the first place. 

Kodak's difficulties were typical of 
those faced by the corporations that 
had snapped up fast, powerful sys¬ 
tems such as workstations. To achieve 
their high-performance goals, these 
machines relied on specialized soft¬ 
ware codes. Bui the software differ¬ 
ences meant that various species of 
computers were often incompatible. 

Now "we are just turning the cor¬ 
ner” says Charles J. Gardner, a Kodak 
manager. Slowly and reluctantly, com¬ 
puter manufacturers have begun de¬ 
veloping software standards for every 
layer of code—from the operating sys¬ 
tem that sends commands to the ma¬ 
chine hardware to the interface a user 
sees on screen. A system complying 
with these standards would be "open.” 
Open systems could exchange data 
and files easily; software could be 
easily ported (or moved) to any open 
system, from a personal computer to 
a supercomputer. Yet the work is far 
from complete. A host of technical 
hurdles remain. Moreover, it is clear 
that computer makers will pay a price 
for the changes: the transition to open 
systems may hurt profit margins and 
increase competition. 

In the past, vendors of high-pow¬ 
ered computers flaunted their differ¬ 
ences. Customers who installed a sys¬ 
tem either implicitly committed them¬ 
selves to buying future versions of it 
or accepted the necessity' of one day 
having to spend big money to move 
projects from the installed system to a 
competitor's new machines. 

Finally, customers began to object. 
Beginning in the early 1980's, they 
banded together, forming an alphabet 
soup of standards groups to work to¬ 
ward establishing uniform protocols. 
Along with the traditional committees 
sponsored by the Institute of Electrical 
and Electronics Engineers (IEEE) as 



Open computers, 
designer drugs, 
entrepreneur-san, 
the Federal Reserve 

well as the .American National Stan¬ 
dards Institute, there were ISO, OS1, 
SPAG, X/Open, MAP, TOP, COS and 
eventually OSF and UNIX International 

Meanwhile, on its own, Sun Micro¬ 
systems, a maker of high-speed work¬ 
stations in Mountain View, Calif., was 
proving that manufacturers could suc¬ 
ceed by designing new r machine archi¬ 
tectures able to run existing software. 
Sun also licensed its technology wide¬ 
ly. As a result, Sun's chief competitor, 
Apollo, soon found itself support¬ 
ing not only its own technology but 
also the de facto industry standards 
developed by Sun. 

When the U,S. government began re¬ 
quiring that the computer systems it 
bought conform to the emerging in¬ 
dustry standards, most manufactur¬ 
ers bowed to the inevitable and joined 
one or more standards organizations. 
(Apple remains the most aloof.) These 
groups then tackled various layers of 
software codes. 

Much progress has been made in 
developing standards that enable ma¬ 
chines to swap data and files easily. 
Even so, "getting enough vendors to 
build to the same set of standards" 
has been tough, Gardner says. 

In contrast, the search for a com¬ 
mon operating system—only one of 
the many layers of software between 
the machine hardware and such soft¬ 
ware applications as spreadsheet pro¬ 
grams—has been marked by discord 
and remains unresolved. A few years 
ago some variation of UNIX, an operat¬ 
ing system developed at AT&T in the 
1970*s, seemed likely to prevail—but 
which one? When AT&T and Sun an¬ 
nounced in 1987 that they would to¬ 
gether update AT&T's System V vari¬ 
ant, other companies worried that Sun 
would gain an unfair advantage. 

A battle ensued. Seven vendors, in¬ 
cluding IBM, Digital Equipment and 
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Hewlett-Packard, formed the Open 
Software Foundation (OSF) to develop 
"an open operating-system software 
environment.” AT&T, Sun and other 
vendors countered with UNIX Inter¬ 
national, created to direct “the evolu¬ 
tion of UNIX System V, the industry- 
standard open operating system.” This 
past November UNIX International in¬ 
troduced System V Release 4 operat¬ 
ing system, which merged AT&T's 
UNIX with two other dominant strains; 
OSF hopes to ship OSF/1 in late 1990. 

The two organizations have "created 
enormous confusion in the industry," 
charges Eric E. Schmidt, a vice presi¬ 
dent at Sun. "Everyone says, 'Stop ar¬ 
guing! I just want it to be the same,"' 
Schmidt says. Others, including Ken¬ 
neth H. Olsen, president of Digital, ar¬ 
gue that the debate over operating 
systems constitutes a red herring. The 
operating system “is probably way 
down on a list of what's most impor¬ 
tant to standardize,” Olsen said in a 
recent speech, "let's get everyone to 
agree on other levels.” 

Among those other levels is the user 
interface, which consists of code for 
porting applications to the rest of the 
system and the "look and feel” that 
a person sees on screen. Here, once 
again, there is a rift in the industry. 
OSF has adopted an approach called 
Motif; UNIX international supports an¬ 
other known as Open Look but says it 
will consider additional interfaces if 
they meet specific criteria. 

Between the operating system and 
the user interface are several layers of 
standards that are being widely em¬ 
braced. PQSIX 1003,1, developed by 
the IEEE, specifies a collection of inter¬ 
nal services, such as how r applications 
should retrieve and read files. About a 
dozen other POSIX standards are be¬ 
ing developed. And most manufactur¬ 
ers now employ a technique called X 
Window for splitting a screen into sep¬ 
arate viewing areas, or windows. 

On the other hand, subtle differenc¬ 
es among systems that basically con¬ 
form to the standards can still cause 
havoc for users. Randall L. Frank, di¬ 
rector of information technology at 
the University of Michigan, points out 
that there are more than half a dozen 
major different microprocessor chips 
for workstations. Even if workstations 
use the same operating system, subtle 
differences in the mechanics of their 
chips may force engineers to spend 
hours trying to port an application. 






"Ninety-eight percent compatibility is 
no compatibility ” Schmidt says. Yet in 
theory, open-system standards should 
be broad enough to work with many 
different chips, says Jim Isaak, who 
directs the IEEE’s PGSEX efforts* The 
real concern, he adds, is that the stan¬ 
dards will be inadequate or not ready 
in a timely fashion. 

To hardware makers, the road to 
open systems looks harrowing. When 
different architectures can run the 
same software, the machines become 
commodities with low profit margins, 
observes Franco Agostinucci, a vice 
president at Olivetti, Vendors will have 
to work hard to woo more customers 
to make up for lost profits* 

Some companies are still trying 
to dodge standards, Agostinucci adds; 
they may claim to support open sys¬ 
tems, but they continue to push their 
own technology. Isaak wonders: “Will 
the major vendors provide the same 
level of support and encouragement 
for their products that meet the open- 
systems criteria as they do for other 
approaches?" Until the standards are 
sufficiently complete, he says, manu¬ 
facturers are likely to continue pour¬ 
ing most of their energy into support¬ 
ing their own technology* 

Open systems will consequently 
raise the level of competition in the 
computer industry, Schmidt predicts. 
This makes the business of picking 
standards enormously important and 
risky* “Innovation [will become] so 
quick that you have to hope your 
work becomes a standard," Frank ob¬ 
serves. Otherwise it might be eclipsed 
by other technology. "If we can find a 
common ground,” Schmidt says, "then 
we can get on with competing at a 
higher level”—namely on the issues 
of price, delivery, quality and per¬ 
formance. —Elizabeth Corcoran 


Rational Drugs 

Transforming drug research 
from an art into a science 

I n 1970 pharmaceutical research¬ 
ers at Squibb were in a quandary, 
through careful trial and error, 
they had developed a drug that had 
potential for combating hypertension. 
The prospects for commercializing it 
looked dim, however: derived from 
the venom of a Brazilian pit viper, the 
drug was prohibitively expensive to 
produce and had to be administered 
intravenously. 

The researchers knew the drug 
worked by inhibiting the action of 
angiotensin converting enzyme (ACE), 


an essential factor in the biochemis¬ 
try of high blood pressure. Then they 
had an insight: Why not try designing 
a synthetic molecule to block the en¬ 
zyme's action? Scientists had long 
dreamed of such an approach. Be¬ 
cause ACE has such a highly specific 
architecture, the Squibb investigators 
scored a success: captopril, the drug 
they synthesized in 1975, became the 
first in a family of ACE inhibitors and 
the first "rationally designed" drug. 

So far, ACE inhibitors are the most 
prominent rationally designed drugs 
to have reached the market. But aid¬ 
ed by computer-modeling technology, 
which enables researchers to visualize 
the atomic structure of the molecules 
of interest, companies have begun ex¬ 
ploiting rational design to speed the 
development of new drugs and to cut 
costs, “We see rational drug design as 
the key to the future ” says Brian W. 
Metcalf, a vice president at SmithKhne 
Beecham. “We are close to exhausting 
the traditional approaches.” 

Pharmaceutical workers are quick 
to point out that the traditional, trial- 
and-error approaches were not irra¬ 
tional but simply dependent on luck. 
In contrast, biochemists employing ra¬ 
tional design techniques try to engi¬ 
neer specific molecular structures to, 
say, block the action of an enzyme. 

Squibb, which merged in October, 
1989, with Bristol-Myers, is now test¬ 
ing its next generation of hyperten¬ 
sion drugs in humans. Upjohn, Abbott 
and Merck are testing inhibitors that 


clip the enzymatic cascade that ele¬ 
vates blood pressure at a slightly ear¬ 
lier stage than the one at which ACE 
inhibitors work. Abbott is also devel¬ 
oping a therapeutic agent for Parkin¬ 
son's disease: Merck is working on 
a drug for prostate disorders* Both 
SmithKline Beecham and Genentech 
are working on rationally designed 
chemotherapies for aids. 

Start-up companies, too, see an im¬ 
portant role for rational drug design. 
Agouron Pharmaceuticals in La Jolla, 
Calif., which has focused exclusively 
on rational drug design since it was 
founded in 1984, is working on an 
inhibitor for an enzyme essential to 
the frenzied proliferation of cancer¬ 
ous cells. BioCryst in Birmingham, Ala., 
hopes to improve the effectiveness of 
conventional chemotherapeutic drugs 
by blocking enzymes that attack the 
agents on their way to tumors. And 
Vertex Pharmaceuticals in Cambridge, 
Mass., founded barely a year ago, is 
trying to design suppressants to treat 
autoimmune disorders such as lupus, 
rheumatoid arthritis and diabetes. 

Pharmaceutical companies hoping 
to exploit rational drug design still 
face formidable challenges. There is a 
shortage of researchers trained in the 
techniques. Moreover, before design¬ 
ing an inhibitor, investigators must 
be able to visualize the three-dimen¬ 
sional structure of the protein they 
are targeting; to do so, they typical¬ 
ly rely on crystallized proteins that can 
be examined by X-ray crystallography. 



COMPUTER MODEL OF THREE-DIMENSIONAL STRUCTURE of an enzyme ; thymidyl 
ate synthase (ribbonlike structure), enables investigators at Agouron Pharmaceu¬ 
ticals to design an inhibitor (stick-figure structure) that will bind tightly to the 
enzyme and block its action. Software developed by M. Carson, 
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Yet growing well-formed crystals is 
tricky. “There is no 'love potion num¬ 
ber nine/" laments Alexander McPher¬ 
son, a pioneer in the field and founder 
of Cryschem in Riverside, Calif. 

By churning out large quantities 
of proteins, recombinant technologies 
have improved the odds of obtaining 
usable crystals, notes Peter Johnson, 
chief executive of Agouron. And ac¬ 
cording to Charles E. Bugg of the Uni¬ 
versity of Alabama at Birmingham, 
“space grows crystals better than the 
best ever grown on the earth/* In 
a recent issue of Science, Bugg, Mc¬ 
Pherson and 22 collaborators report¬ 
ed good success in growing crystals 
on board the space shuttle Discovery 
in September, 1988, About 50 groups 
are waiting for a chance to send their 
proteins into space. A few firms, in¬ 
cluding BioCryst, even hope to start up 
service companies that would grow 
crystals in space for others. 

Rational drug design will not re¬ 
place all other traditional drug discov¬ 
ery methods, notes Yvonne C Martin, 
a project leader at Abbott. Instead it 
“changes at a fundamental level how 
people are practicing the art" by re¬ 
quiring researchers with more special¬ 
ized knowledge. And although such 
design methods may produce a likely 
drug candidate more quickly, the long¬ 
est pan of the drug development cy¬ 
cle—namely, human clinical trials—re¬ 
mains unchanged. — Deborah Erickson 


Tensaiji 

Whiz kid wins business- 
even in Japan 

“The nail that sticks out gets ham¬ 
mered down” 

—Japanese saying 

T n a nation of conservative bus¬ 
inessmen, Kazuhiko Nishi is a 
nail that resists hammering. He 
dropped out of the prestigious Wase- 
da University to start his own compa¬ 
ny; before he was 30 Nishi gained a 
reputation as one of Japan's prophets 
of the persona I-compu ter age. Now 
at 33 he can boast another accom¬ 
plishment. This past September his 
company, Lhe .ASCII Corporation, be¬ 
came the first maker of personal-com¬ 
puter software to boat its stock on 
Tokyo's over-the-counter market. 

The U.S. tends to regard the talent 
and energy of its many young entre¬ 
preneurs as a unique asset. But Japan 
enjoys a similar endowment. It con¬ 
sists of young men who, like Nishi, are 
the kindred spirits—and future com- 



COMPUTER ENTREPRENEUR Kazuhiko 
Nishi founded the ASCII Corporation 
about 13 years ago; among ASCII J s 
many software packages is an operat¬ 
ing system called MSX for personal com¬ 
puters, based on Microsoft's MS-DOS. 


petitors—of the entrepreneurial hack¬ 
ers who exemplify the garage-to-rich- 
es spirits of California 's Silicon Valley. 

As a teenager Nishi was captivated 
by the potential he saw r in early per¬ 
sonal computers. In 1977 he and two 
friends chipped in S 10,000 each to 
start ASC0 and to publish a PC news¬ 
letter. A year later Nishi dew to the 
U-S- and met another entrepreneur, 
William Gates, whose fledgling com¬ 
pany, called Microsoft, was selling PC 
software. Nishi persuaded Gates to let 
ASCII sell the software in japan. 

The young Japanese businessman 
rapidly carried off some remarkable 
successes. He convinced the giant NEC 
Corporation to build Japan's first per¬ 
sonal computer with the assistance 
of Microsoft. Nishi later talked Kyo¬ 
cera, a large ceramics company, into 
manufacturing a Jap-top computer de¬ 
signed by Gates and himself. As Mi¬ 
crosoft became a household word in 
the US,, ASCII grew r to become the larg- 


* * T n God We Trust" is imprinted 
-Lon all U.S. currency. In fact, the 
country places its economic faith in 
the seven governors of the Federal 
Reserve. Since fears of recession re- 


est supplier of PC software in Japan. 

Nishi and Gates split up in 1986 
after a series of disagreements, ac¬ 
cording to published accounts. Among 
them: Nishi thought software vendors 
should design special-purpose micro¬ 
processors to control aspects of PC 
operation instead of relying on op¬ 
erating-system software. Nishi con¬ 
sequently broadened ASCII's business 
from magazine publishing and soft¬ 
ware development to include large- 
scale integrated-circuit design and 
communications networking. 

"My expertise, our focus, is on 
applied technology—that is, we catch 
the wave of basic technology [such as 
large-scale integration] and conduct 
our R&D with a product in mind/ 1 Nishi 
says. Because ASCII contracts out man¬ 
ufacturing, he observes, "we can talk 
to everybody. All Japanese companies 
are our clients, as are many overseas 
firms. They all give us suggestions.” 

Sometimes those suggestions are 
veiled requirements: Zenith Data Sys¬ 
tem's lap-top personal computer, the 
MinisPort, included an ASCII-designed 
video-controller chip. But the ASCII 
prototype was rejected by Zenith; the 
chip had to be redesigned to make it 
compatible with IBM products. "Many 
of our [sets of] chips that failed to sell 
did so because we stopped developing 
them after initial rejection by the cus¬ 
tomer," Nishi acknowledges, but “In 
all the cases where w T e listened to our 
clients and redesigned the chips, we 
were successful" 

Even after the breakup with Micro¬ 
soft, .ASCII has grown briskly. Revenue 
rose about 20 percent in fiscal 1989 
to approximately SI65 million (rough¬ 
ly one fifth of the revenue grossed by 
Microsoft), Profits have lagged, though: 
ASCII recorded just over $2 million in 
net income in 1989, largely because 
of the impact of investments made as 
ASCII diversified, according to analysts 
in Tokyo. 

Observers say Nishi bears careful 
watching. After all, as Peter G. Wolff 
of Kidder, Peabody & Company in 'Jo¬ 
ky o points out, Kazuhiko Nishi “rose 
out of the maelstrom of hundreds of 
software companies here, and he did 
it his way.” —Stuart M. Dam trot 


placed fears of inflation last summer, 
stock-market analysts and the rest of 
the nation have hung on auguries of 
the Fed's actions. How do these seven 
people {along with the five who join 


THE ANALYTICAL ECONOMIST 

Tweaking the aggregates 
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them on the Federal Open Market 
Committee) choose whether to push 
the economy up or down? What tools 
do they have to effect their decisions? 

The Fed seeks stable prices. Chair¬ 
man Alan Greenspan and his fellow 
governors have two primary instru¬ 
ments for achieving this goal: chang¬ 
ing interest rates or manipulating the 
money supply (the ready cash 0owing 
through the economy). The Fed can 
peg these monetary variables wher¬ 
ever it wants by buying or selling gov¬ 
ernment bonds and by changing the 
discount rate (the rate the Fed charges 
banks for short-term loans). 

The Fed's actions are felt first in 
financial circles, but lightening or 
easing of the money supply eventual¬ 
ly affects the entire economy. Former 
governor Andrew F. Brimmer explains 
it this way: the Federal Reserve varies 
the rate at which it supplies money 
to the banking system. Faced with 
additional cash on hand, commercial 
banks try to put the extra money to 
work by lowering interest rates, which 
makes loans cheaper and easier to get 
The lower price for money increas¬ 
es demand; consumers and business¬ 
es buy more goods and equipment 
which stimulates the economy. If ex¬ 
isting capacity can satisfy the new de¬ 
mand, the economy grows—if not, the 
increased money supply and lower 
interest rates trigger inflation. Con¬ 
versely, reductions in the money sup¬ 
ply slow the economy. 

Controlling the money supply and 
controlling interest rates would seem 
to be the same; it Is in their mech¬ 
anisms and subtle side effects that 
they differ. When the Fed depresses 
the money supply by selling bonds 
(thereby taking cash out of circula¬ 
tion), bond prices drop in response to 
the extra supply, thus raising their 
effective yield and finally pushing up 
interest rates in general. A rise in the 
discount rate (which raises interest 
rates directly) encourages people to 
exchange cash for bonds, thus eventu¬ 
ally depressing the money supply. The 
instrument individual governors pre¬ 
fer strongly reflects their allegiance to 
one or another economic school. 

Monetarists, for instance, generally 
believe that the money supply directly 
controls the economy by limiting the 
funds available for investment and 
consumption. Keynesians, in contrast, 
claim that interest rales shape eco¬ 
nomic activity by encouraging busi¬ 
nesses and consumers to borrow mon¬ 
ey to invest in new equipment and to 
buy goods. 

There is little agreement on which 
camp prevails. The Fed tends to base 


its monetarist decisions on Keynesian 
theory, says David E. Lindsey, deputy 
director of the Fed’s division of mon¬ 
etary affairs: even if the governors be¬ 
lieve interest rates are most impor¬ 
tant, picking the right level is difficult; 
it might he better for the economy 
if the Fed controlled the money sup¬ 
ply and let the market fine-tune inter¬ 
est. Yet according to former governor 
H, Robert Heller, "you steer by inter¬ 
est" over the short term. Money-supply 
growth is the crucial variable only over 
periods of a year or more. 

From early 1979 to late 1982 the 
Federal Reserve put aside Keynesian 
principles and took a strictly monetar¬ 
ist line, ft controlled the money supply 
directly by buying and selling bonds 
and letting interest rates float as high 
as necessary to rein in money-sup¬ 
ply growth. Before and since then the 
board has taken a more eclectic ap¬ 
proach. "We follow Milton Friedman 
[the godfather of monetarism],” a Fed 
spokesman comments, "but not out 
the window." 

This eclectic approach means that 
the Fed governors base their hunches 
about inflationary pressures—and the 
actions required to stifle them—on all 
kinds of economic indicators, from 
industrial capacity to housing starts. 
The indicators they monitor, Heller 
says, reflect the fact that inflation is a 
sequential process: it shows up first in 
commodities, then in prices for inter¬ 
mediate goods, then in consumer pric¬ 
es. By the time wages begin rising, it is 
too late for the Fed to act. 

Long-term interest rates, yet anoth¬ 
er portent, reflect expectations of in¬ 
flation a year or more ahead, Heller 
notes. Long-term rates rising as short¬ 
term rates fall could be a sign that the 
economy is about to become overheat¬ 
ed. Such a warning would bring deci¬ 
sive action; although the Fed monitors 
many economic signals, it acts to curb 
inflation. Unemployment or the health 
of particular companies is not within 
the Fed's purview, Lindsey says: cen¬ 
tral bankers neither have nor want the 
tools for industrial policy. 

The Fed must also contend with the 
fact that its decisions have only de¬ 
layed effects on the US. economy. The 
actions of the Fed during November 
of 1989, for example, will not be felt 
throughout the economy until about 
March through May of 1990, governor 
Wayne D. Angell says. Worse yet, he 
laments, November’s decisions were 
based mostly on data about what the 
economy was doing in October or even 
July and August. To mitigate this prob¬ 
lem, Angell focuses on commodity 
prices,'which provide a daily measure 


of inflationary pressures and tend to 
lead the behavior of the rest of the 
economy, he says. 

As if dealing with such leads and 
lags were not bad enough, the Fed 
must rely on data virtually all of which 
are flawed in some way. Once upon a 
time, the data on the money supply 
included only cash in circulation and 
immediately available bank deposits; 
those were the sole sources of funds 
for immediate investment and con¬ 
sumption. As financial deregulation al¬ 
lowed interest-bearing checking ac¬ 
counts, however, the line between in¬ 
vestments and cash on hand biurred. 
Today consumers can write checks 
against money-market funds or even 
use credit cards to borrow instantly 
against the value of their homes. The 
Fed has revised its measures of the 
money supply, but the notion of what 
funds are available for economic ac¬ 
tivity has become ever more nebu¬ 
lous. The "money supply” that the Fed 
tracks and attempts to control now 
grows or shrinks depending on inter¬ 
est rates rather than on how people 
intend to use it for investment and 
consumption.. 

Federal Reserve governors, and the 
financial analysts who watch them, 
have searched for years for a "stable 
anchor" that might predict inflation 
and thus permit the Fed to control it. 
Such an anchor is hard to come by, 
in part because Wall Street's antici¬ 
pations of Fed actions affect the mar¬ 
ket and the economy as strongly as 
do actual changes in policy. If the Fed 
lowers interest rates, Heller says, the 
market may anticipate further easing; 
a failure to push rates lower may have 
the same effect as raising them. The 
Fed’s credibility in pursuing a policy 
is an important factor in making that 
policy work, Heller says. 

Although Fed governors believe they 
have done reasonably well over much 
of the past decade, Angell cautions 
against complacency. Any successful 
method for regulating the economy 
carries the seeds of its own downfall 
as the market learns the technique 
and counteracts its effects. Keynesian 
economics worked well until people 
noticed that it predicted prices would 
always go up; monetarism quashed 
that expectation. Then, as the Feder¬ 
al Reserve held down growth during 
the 1980’s, high demand for money 
"made monetarists look like fools” 
Angell comments. Now a more eclectic 
policy seems to be working, but the 
market will eventually decipher it as 
well, and the Fed will have to scramble 
again to stay in control. 

—Paul Wailich and Elizabeth Corcoran 
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The Handedness of the Universe 

From atoms to human beings, nature is asymmetric with respect 
to chirality , or left- and right-handedness. Clues are beginning 
to emerge that connect chirality on different levels 

by Roger A. Hegstrom and Dilip K. Kondepudi 


I n 1848 Louis Pasteur, examining a 
certain salt of tartaric acid under a 
microscope, noticed that it formed 
two types of crystals, each one a mir¬ 
ror image of the other He separated 
the two, dissolved each in water to 
form two solutions and shined a light 
beam through each. To his great sur¬ 
prise, one solution rotated polarized 
light clockwise, the other counter¬ 
clockwise. 

This beautiful discovery, which he 
made at the age of 25, led Pasteur to 
develop a theory of molecular struc¬ 
ture. Little was known then about the 
structure of matter on such a small 
scale; Pasteur postulated that the two 
distinct shapes of the salt crystals and 
their ability to rotate light differently 
were derived from the fact that the 
molecules making up the salt were 
themselves of two types, one “right- 
handed 11 and the other “left-handed/’ 
His research along these lines paved 
the way for another remarkable dis¬ 
covery in 1857. One day Pasteur found 
that molds had grown in a dish con¬ 
taining an optically inactive solution, 
one that did not rotate light. Instead 
of simply throwing away the “contam¬ 
inated” solution—the common prac¬ 
tice—Pasteur checked its effect on a 
light beam. The contaminated solu- 
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tion rotated light! Microorganisms 
had changed an optically inactive so¬ 
lution to an optically active one. 

On the basis of his molecular theory, 
Pasteur reasoned that the original so¬ 
lution was optically inactive because 
it contained equal numbers of right- 
and left-handed molecules. The molds 
had reacted chemically with only one 
type, leaving the solution with a rela¬ 
tively large amount of the other. The 
imbalance made the solution optical¬ 
ly active. 

Thus, Pasteur realized that the 
chemistry of life has a preferred hand¬ 
edness. He came to view handedness 
as one of the clearest distinctions be¬ 
tween living and dead matter and ulti¬ 
mately proclaimed it to be a profound 
fact of nature that went far beyond the 
chemistry of life. "Life as manifested 
to us," Pasteur wrote, “is a function of 
the asymmetry of the universe and 
of the consequences of this fact." Lat¬ 
er, before the French Academy of Sci¬ 
ences, he made the grand conjecture, 
“L'univers est di.ssymetrique 

Pasteur’s conjecture turned out to 
be true to an extent that no one, per¬ 
haps even he, imagined. Modern sci¬ 
ence has revealed that mirror symme¬ 
try is often absent in nature: the uni¬ 
verse is dissymetrique at all levels, 
from the subatomic to the macroscop¬ 
ic. Many questions about how this 
asymmetry arises remain unanswered, 
but in the past few decades some 
understanding has been gained as to 
how handedness at one level may give 
rise to handedness at another. In order 
to describe what is known and what is 
not, it is convenient to begin at the 
scale of everyday objects. 

Chiral Asymmetry 

Most objects found in nature are not 
identical with their mirror images and 
therefore are said to possess chirality, 
or handedness. To distinguish the two 
forms, they are often designated right- 
handed or left-handed. In the case of 


some familiar chiral entities—hands 
or screws, for instance^-the meaning 
of right- and left-handed is clear, but 
for objects such as an elm tree with 
many branches or for generally irregu¬ 
larly shaped things, the designation is 
somewhat arbitrary'. When certain very 
simple objects such as spheres or tri¬ 
angles are reflected in a mirror, the 
resulting image is indistinguishable 
from the original object. Objects that 
are identical to then mirror images are 
termed achiral. 

Not only objects but also processes, 
such as chemical reactions, may ex¬ 
hibit chirality. Certain atomic and nu¬ 
clear interactions, for instance, dis¬ 
play a preference for left or right. If 
all processes were chirally symmetric, 
one would observe in the real world 
an equal number of mirror-image sys¬ 
tems displaying opposite preferences. 
That we do not is evidence that some 
processes in nature are asymmetric. 

Although a chiral object and its 
mirror image qtc obviously different, 
there is no a priori reason that one 
should be superior to the other. Yet 
the real world usually does display a 
preference for one land of chirality 
over another. This is strikingly demon¬ 
strated in the case ofliving organisms. 
Human beings, for instance, are struc¬ 
turally chiral; the heart is to the left of 
center, the liver to the right. People 
also display functional chirality. For 
example, although there is no ap¬ 
parent intrinsic advantage to either 
the left or the right hand, few people 
are ambidextrous. Why do individuals 
generally prefer one hand over the 
other? Many reasons can be postulat¬ 
ed, but the correct one probably is not 
yet known. 

Given that humans generally are 
not ambidextrous, the next question 
is: Why are most people right-hand¬ 
ed? The dominance of the right hand 
over the left is universal, independent 
of race and culture. There would be 
no apparent disadvantages if most 
people were left-handed. The greater 
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number of right-handed people seems 
to be just an accident. One might also 
ask why right- and left-handed per¬ 
sons are not bom in equal numbers. 
Again, the answer is not known with 
any certainty, although it is plausible 
to argue that handedness is an inherit¬ 
ed trait: once right-handedness be¬ 
came dominant, for whatever reason, 
it remained so. 

There are other, less prominent ex¬ 
amples of chiral asymmetry in or¬ 
ganisms. Helical seashells spiral ei¬ 
ther like a right-handed screw or like 
a left-handed screw. Right-handed, 
or dextral, shells dominate—on both 
sides of the Equator. Among these 
right-dominated animals, left-handed 
individuals exist only as a result of 
mutations, which appear with a fre¬ 
quency ranging from about one in 
hundreds to one in millions, depend¬ 
ing on the species. This "right-hand 
rule" is not universal, however: certain 
species—for example, the lightning 
whelk of the Atlantic coast—are pre¬ 
dominantly left-handed, or sinistra!. In 
rare instances left- and right-handed 
individuals occur in a species in al¬ 
most equal numbers; the Cuban tree 
snail, Liguus paeyanus, is an example. 

like animals, most types of plants 
exhibit a preferred chirality'. Bindweed 


winds as a right-handed helix, where¬ 
as honeysuckle grows as a left-handed 
helix. Helical structure in organisms 
also has been found on the smaller 
scale of bacteria. Since the 1970 T s Neil 
H. Mendelson and his co-workers at 
the University' of Arizona have investi¬ 
gated the bacterium Bacillus subtihs, 
which usually forms right-handed spi¬ 
ral colonies. Remarkably, as the tem¬ 
perature increases, the spiral becomes 
left-handed! 

Chirality in Molecules 

As Pasteur found, molecules can 
also be chiral. Chemists refer to mir¬ 
ror-image molecules as i.-enantiomers 
and D-enantiomers; L and D stand for 
levo (left) and dextro (right), a relic 
from Pasteur's studies of optical rota¬ 
tion of light. Enantiomeric forms are 
found in many organic and inorganic 
substances and in essentially alt mol¬ 
ecules crucial for the development 
of life—specifically proteins, which 
are responsible for the structure and 
chemical regulation of living cells, and 
DNA, the molecule that carries genetic 
information. 

A protein molecule is a polymer, 
that is, a long chain of smaller mol¬ 
ecules—in this case, a chain of ami¬ 


no acids. Although several hundred 
amino acids exist, all proteins are 
made from the same 20 amino acids. 
All the amino acids but one (glycine) 
are chiral, having L- and D-enantio¬ 
mers. Strangely enough, proteins are 
made exclusively of L-amino acids, (In 
very rare cases short strings of amino 
acids—polypeptides—that contain D- 
amino adds serve a specialized bio¬ 
logical role.) 

The main function of certain pro¬ 
teins, called enzymes, is to catalyze 
biomolecular reactions, including the 
synthesis of other proteins. The cat¬ 
alytic ability of enzymes depends 
crucially on their three-dimensional 
structure, which in turn depends on 
their L-amino acid sequence. Synthetic 
chains of amino acids made of both l- 
and D-enantiomers do not twist in the 
way necessary for efficient catalytic 
activity; they cannot form the regular 
winding structure, called the alpha he¬ 
lix, that is present in most enzymes. 

fSecause of the chirality of its key 
molecules, human chemistry is highly 
sensitive to enantiomeric differences. 
An extreme example came to light in 
1963 when horrible birth defects were 
induced by thalidomide. The defects 
were caused by the fact that where¬ 
as one enantiomer of this chiral com- 
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PREFERRED HANDEDNESS is a common trail of living things. 
Trumpet honeysuckle, Lonicera sempervirens, winds to the left; 
bindweed, such as Convolvulus arvensis, winds to the right— 
like the majority of helical plants. Snails, such as Liguus virgine- 
us t are generally right-handed, but within a species, left-hand¬ 


ed versions appear owing to mutations. The bacterium Bacil¬ 
lus subtflts normally forms right-handed spiral colonies; when 
heated, these change to left-handed. Atoms and molecules also 
are asymmetric with respect to left and right, but this has not 
yet been plausibly linked to the handedness of living objects. 
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CHIRALITY manifests itself in the diS' 
tine lion between left and right. Objects 
that cannot be superposed on their mir¬ 
ror images are termed chiraL A station- 
ary sphere is identical with its mirror 
image and is said to be achiral; even if a 
sphere is spinning (a), its mirror image 
can be superposed on the original object 
by turning it upside down, and so a spin- 
ning sphere is also achiral. If the sphere 
is moving along its spin axis (fr), the 
mirror image cannot be superposed on 
the original, and the object becomes chi¬ 
ral By convention, if a spinning object 
behaves like a right-handed screw as it 
moves, it is termed right-handed; if it 
behaves like a left-handed screw* it is 
termed left-handed (c). The direction of 
spin is defined by the “right-hand rule"; 
curl the fingers of the right hand in the 
sense of rotation; the thumb points in 
the direction of the spin axis (d). (Hands 
and screws are chiral objects and cannot 
be superposed on their mirror images.) 


pound cured morning sickness, the 
other caused birth defects. Today the 
pharmaceutical industry pays careful 
attention to the separation of enantio¬ 
mers. A less morbid case of enantio¬ 
meric sensitivity involves limonene, a 
compound found in lemons, oranges 
and perfumes. Here one can smell the 
difference: one enantiomer smells like 
lemons, the other like oranges. 

Like proteins, the nucleic adds DMA 
and RNA are polymers that exist in 
nature in only one chirality. Each is 
composed of four types of subunits, 
each of which incorporates a chiral 
sugar group. Only the o-enantiomer of 
the sugar is present in nucleic acids, 
DMA and RNA ordinarily form right- 
handed helixes as a result of the exclu¬ 
sive presence of D-sugars. The proper 
replication of nucleic acids depends 
on the activity of proteins made of 
i,-amino acids, and so the relative chi¬ 
ralities of proteins and nucleic acids 
are intimately connected. 

The great preference in the chemis¬ 
try of life for i-amino acids and 17- 
sugars over their mirror-image coun¬ 
terparts is peculiar for two reasons. 
First, except for extremely minor dif¬ 
ferences to be discussed later, the 
chemical properties of the L- and P- 
enantlomers are essentially mirror- 
symmetric. Second, when chiral mole¬ 
cules are synthesized in the laboratory 
from achiral building blocks, equal 
amounts of i.- and D-enantiomers are 
produced unless painstaking care is 
taken to introduce an asymmetric 
agent during the synthesis. 

There is a fundamental underlying 
reason for this symmetry: chemical 
reactions are essentially a result of the 
electromagnetic interaction of atoms. 
The electromagnetic force behaves in 
such a way that if a given process 
takes place, the mirror image of that 
process occurs with equal probabil¬ 
ity. Any force that gives rise to both 
a process and its mirror image with 
equal probability is termed parity-con- 
serving. Because the electromagnetic 
force conserves parity, one would ex¬ 
pect equal numbers of L- and D-enan- 
tiomers to inhabit the world. Why is 
this not so? We shall return to this 
question after examining chirality at 
the subnudear scale. 

Four Forces 

All known elementary particles in¬ 
teract with one another through four 
types of forces: gravity, the electro¬ 
magnetic force {responsible for ordi¬ 
nary chemical reactions), the strong 
nuclear force {which holds atomic nu¬ 
clei together) and the less well-known 


weak nuclear force. Until 1957 it was 
thought that nature was chirally sym¬ 
metric at the scale of elementary parti¬ 
cles—that is, that the four forces were 
parity-conserving. In that year it was 
discovered that the weak nuclear force 
does not conserve parity. 

As its name implies, the weak force 
is relatively feeble, about 1,000 times 
less powerful than the electromagnet¬ 
ic force and 100,000 times less power¬ 
ful than the strong nuclear force. The 
most familiar effect governed by the 
weak force is the production of beta 
rays in radioactive decay. Beta rays are 
actually energetic electrons and their 
antimatter twins, positrons. These par¬ 
ticles have an intrinsic spin and hence, 
when they are moving along or against 
iheir spin axes, can be classified as 
either left- or right-handed. The sur¬ 
prising and now famous 1957 discov¬ 
ery of parity violation by Chien-Shiung 
Wu and her colleagues at Columbia 
University led to the recognition that 
beta particles omitted from radioac¬ 
tive nuclei have a definite chiral asym¬ 
metry': left-handed electrons far out¬ 
number right-handed ones. 

Further investigations of beta decay 
led to the discovery of the neutrino 
and antineutrino, electrically neutral 
particles that are also emitted in beta 
decay and that always travel at the 
speed of light. Like the electron, the 
antineutrino emitted by radioactive 
matter has a spin; unlike the elec¬ 
tron, it exists only in the right-handed 
form. No one knows why chiral asym¬ 
metry exists at such a fundamen¬ 
tal level. Radioactive antimatter emits 
an excess of right-handed positrons 
(antielectrons) and only left-handed 
neutrinos. Right-handed neutrinos and 
left-handed antineutrinos seem not to 
exist in the universe. 

For the next decade or so it was 
believed that parity nonconservation 
was confined to nuclear reactions. 
Phenomena such as chemical reac¬ 
tions or interactions between atoms 
and light, which depend on the elec¬ 
tromagnetic force, appeared to con¬ 
serve parity. In the late 1960*5, howev¬ 
er, Steven Weinberg, now at the Univer¬ 
sity' of Texas at Austin, Abdus Salam of 
the International Centre for Theoreti¬ 
cal Physics in Trieste and Sheldon L. 
Glashow of Harvard University devel¬ 
oped a theory that unified the weak 
and electromagnetic forces (sec "Uni¬ 
fied Theories of Elementary-Particle 
Interaction" by Steven Weinberg; Sci¬ 
entific American, July, 1974}. Their 
theory predicted a new "electroweak" 
force between an atom's electrons and 
the protons and neutrons in its nucle¬ 
us. The existence of this force, which 
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does not conserve parity, was con¬ 
firmed in the 1970 T s. 

Because the eiectroweak force dis¬ 
tinguishes between left and right, at¬ 
oms and molecules that were previ¬ 
ously thought to be achiral must be 
chiral in some way* Furthermore, en¬ 
antiomers such as L- and D-amino ac¬ 
ids must differ with regard to physical 
properties, such as energy, that de¬ 
pend on their handedness* 

It is now evident that the world is 
chirally asymmetric at all scales, from 
the scale of elementary particles up¬ 
ward, How do the asymmetries arise? 
Are chiral symmetries at one level 
linked to those at another, or arc they 
independent? We shall attempt to an¬ 
swer these questions, insofar as it is 
possible to answer them, beginning at 
the scale of elementary particles. 

Chirality of Elementary Particles 

At rest, an elementary particle such 
as an electron or a positron is spheri¬ 
cally symmetric and hence achiral. But 
if a spinning particle is moving in 
either direction along its spin axis, it 
becomes chiral. If it behaves like a 
right-handed screw as it moves, it is 
said to be right-handed; if it behaves 
like a left-handed screw, it is said to be 
left-handed. 

Chiral asymmetry at the subatomic 
level is fundamentally connected to 
parity non conservation. According to 
the Standard Model of elementary par¬ 
ticles propounded by Weinberg, Salam 
and Glashow, the eiectroweak force 
distinguishes between left and right 
through “weak charged currents 11 and 
“weak neutral currents.” The strength 
of these currents—referred to as the 
W and Z forces—between any two ele¬ 
mentary particles depends on the dis¬ 
tance between the particles and on 
their “charges/ 1 

We use the term charge here in anal¬ 
ogy to electricity. The electron has a 
negative electric charge, and the elec¬ 
trical force between any two electrons 
is repulsive. In contrast, the weak W 
charge is nonzero for a left-handed 
electron but zero for a right-handed 
one. Therefore, a right-handed elec¬ 
tron simply does not “fee!" the W 
force. This is considered a fundamen¬ 
tal property of the weak force; at pres¬ 
ent there is no deeper understanding 
of it. One result of this asymmetry is 
that nuclear beta decay, which is gov¬ 
erned by the W force, produces most¬ 
ly left-handed electrons. 

As for the Z force, left- and right- 
handed electrons have Z charges of op¬ 
posite signs and approximately equal 
magnitudes. The difference in sign 


causes right-handed electrons to be 
attracted to the nucleus by the Z force 
and left-handed ones to be repelled* 
(These statements about the effects of 
the W and Z charges on chiral elec¬ 
trons are strictly valid only when the 
electrons are at high energies, travel¬ 
ing near the speed of light. The con¬ 
cepts are nonetheless useful for un¬ 


derstanding the chiral asymmetries in 
low-energy electrons.) 

In a looking-glass world, beta de¬ 
cay would produce right-handed elec¬ 
trons, and the Z force would attract 
left-handed electrons to the nucleus. 
These processes are not observed in 
the real world, however, which is an¬ 
other way of stating that the weak 



PREFERENCE between left and right is displayed by nature on many levels. Colored 
boxes indicate the predominant handedness. Most helical seashells are right-handed, 
but some left-handed species and mutants exist. Winding plants are also predomi¬ 
nantly right-handed. Helical bacteria come in right- and left-handed versions. Ordi¬ 
narily, proteins and PNA wind in right-handed helixes; left-handed versions are rare* 
and true mirror-image versions do not appear in nature. Right- and left-handed ami¬ 
no acid molecules exist at different energy levels as a result of the asymmetric weak 
nuclear force; those in organisms are almost always left-handed. The weak force 
also affects the way electrons orbit the nucleus and so causes atoms in general to be¬ 
come right-handed. The elementary particle known as the neutrino exists only as a 
left-handed object: its direction of spin points contrary to its direction of motion. 
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force is chirally asymmetric and that 
parity is not conserved. 

Atoms and Molecules 

An important consequence of the 
weak Z force between electrons and 
nuclei is that all atoms are chiral. Be¬ 
cause of the Z force, when an electron 
is near the nucleus, its direction of 
motion is partially aligned with its 
spin axis, which makes it right-hand¬ 
ed [see illustration below]. This means 
that the electron orbit, which would 
be circular in the absence of the Z 
force, becomes a right-handed helix in 




the vicinity of the nucleus. Because 
the interaction that causes the helical 
electron motion does not conserve 
parity, the mirror-image atom with a 
left-handed helical electron flow does 
not exist in nature. 

Given the extremely low strength of 
the weak force, one might expect this 
helical motion to be unmeasurable. 
For instance, the Standard Model pre¬ 
dicts that in the most favorable exper¬ 
imental setup, light passing through 
an atomic gas should be rotated by a 
scant 10“ 5 degree—the angle subtend¬ 
ed by a hand at a distance of roughly 
1,000 kilometers. And yet during the 




past decade experimental support for 
the chirality of atoms has been ob~ 
tained, including the observation of 
rotations of the predicted amount [see 
“An Atomic Preference between Left 
and Right” by Marie-Anne Bouchiat 
and Lionel Pottier; Scientific Ameri¬ 
can, June, 1984). Here is one clear 
instance in which a chiral asymmetry 
at the level of elementary 7 particles 
causes a chiral asymmetry at the high¬ 
er level of atoms. 

On a slightly larger scale, the Z force 
causes a chiral molecule to exist in 
a higher- or lower-energy state than 
that of its enantiomer. The split comes 
about in a subtle way. First, suppose 
that one models the chiral molecule as 
a helix, and imagine the Z force to be 
“turned off” If an electron with spin 
“up” is moving “up" the helix, it will be 
right-handed; if a spin-up electron is 
moving “down" the helix, it will be 
left-handed. Because probabilistically 
equal numbers of electrons in a mole¬ 
cule are moving up and down, one 
would expect the average electron chi¬ 
rality to be zero. 

The ordinary parity-conserving elec¬ 
tromagnetic forces between the elec¬ 
trons and the nuclei in the mole¬ 
cule, however, tend to align the axis 
of each electron's orbit against its 
axis of spin; this phenomenon is re¬ 
ferred to as spin-orbit coupling. For a 
right-handed helical molecule, spin- 
orbit coupling favors down-spiraling 
for spin-up electrons and up-spiraling 
for spin-down electrons. In either case 
the spin axis of the electron tends to 
be aligned against the electron’s di¬ 
rection of motion, so that in a mole¬ 
cule shaped as a right-handed helix, 
spin-orbit coupling produces predom¬ 
inantly left-handed electrons. In re¬ 
gions where the molecule is shaped as 
a left-handed helix, right-handed elec¬ 
trons predominate. As a result, mole¬ 
cules display regions of differing elec¬ 
tron chirality \see illustration on oppo¬ 
site page]. 

Now switch on the Z force. Because 
the Z force interacts in different ways 
with right- and left-handed electrons, 
it produces an energy shift in the mol¬ 
ecules; the energy’ of one enantiomer 
is increased and that of the other is 
decreased. 

The Z force is so small that its effect 
on the chemical properties of mole¬ 
cules has not been observed. An inter¬ 
esting theoretical result, however, has 
been obtained by Stephen F. Mason 
and George E. Tranter of Kings Col¬ 
lege, London. Between 1983 and 1986 
they performed detailed calculations 
of the energies of several L- and d- 
arnino acids, taking into account the 




REAL WORLD 


ATOMS become chiral under the action of the weak nuclear Z force. At the top right 
an electron with spin “up" is shown in orbit around a nucleus; its mirror image is at 
the top left. Without the Z force, the paths of the electron flow would resemble those 
in the middle drawings. The nucleus is at the centroid of each atom. If the mirror 
image is flipped upside down, the new electron paths can he superposed on the 
original ones, and so these paths are achiral. With the I force present, the direc¬ 
tion of the electron’s motion tends to align with the direction of its spin. The re¬ 
sult is shown at the bottom right. The paths are now chiral: the electrons travel up 
along the inner, right-handed helix and down along the outeT, left-handed helix. 
The mirror-image atom, shown at the bottom left, does not exist in the real world. 
For this drawing the effect of the Z force was magnified by a factor of tO 10 , 
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TWISTED ETHYLENE is a simple chiral molecule consisting of two carbon atoms and 
four hydrogen atoms (C 2 H 4 ). The top drawings show the D- and L-enantiomers at the 
right and the left, respectively. In ethylene a phenomenon known as spin-orbit 
coupling, which tends to align an electron's spin against its orbital angular momen¬ 
tum, produces regions of differing electron chirality. The bottom drawings, based on 
calculations by one of the authors (Hegstrom) and his student Melinda S, Montgom¬ 
ery at Wake Forest University, show these regions as viewed from “above” the line 
connecting the two carbon atoms. Red shading indicates the regions where the elec¬ 
trons are right-handed, blue shading the regions where they are left-handed. Mir¬ 
ror reflection reverses the regions of chirality. The weak Z force acts in an opposite 
way on left- and right-handed electrons, so that the mirror reflections are subtly dif¬ 
ferent: the L-enantiomer of ethylene has a lower energy than the d- enantiomer. 


asymmetric Z force. The expected en¬ 
ergy split between the enantiomers 
emerged; curiously, in all cases the 
biologically dominant L-enantiomer 
was found to have the lower energy, 

Basic principles of statistical me¬ 
chanics require that in any equilibri¬ 
um situation the lower-energy form 
should be more abundant than the 
higher-energy form. Mason and Tran¬ 
ter showed that L-amino acids should 
outnumber D-amino acids by one part 
in 10 17 . Such an infinitesimal differ¬ 
ence explains why L- and D-enantio- 
mers are found in the laboratory in 
essentially equal numbers. Still, one 
cannot help but wonder whether this 
minute difference, caused by the weak 
nuclear force, is somehow connected 
with the dominance of L-amino acids 
and D-sugars. 

Chiral Symmetry in Life 

So little is known about the origin of 
life that one cannot speculate about 
its causes with any confidence, but 
since the first experiments of Stan¬ 
ley L. Miller of the University of Chica¬ 
go in the 1950’s, scientists have devel¬ 
oped a good picture of how a variety 
of biologically significant molecules 
could have arisen on the primitive 
earth. Somewhere in the course of the 
chemical evolution that led from at¬ 
oms to life, the chiral asymmetry of 
biomolecules was established 

This raises three important ques¬ 
tions. How t could biomolecules with a 
chiral preference have arisen from 
chemical reactions that are identical 
for the two enantiomers? Is the dom¬ 
inance of L-amino acids and D-sug- 
ars over their mirror images in any 
way linked to the weak force? Was chi¬ 
ral asymmetry a precondition without 
which life could not have arisen, or did 
the asymmetry arise later—as a con¬ 
sequence of biological, rather than 
chemical, evolution? We shall address 
these questions one by one. 

Paradoxical though it may seem, 
mirror-symmetric chemical reactions 
can produce unequal amounts of L- 
and D-amino acids through a phenom¬ 
enon called spontaneous symmetry 
breaking. In this case, a symmetric 
state is one with equal numbers of 
L- and D-forms; the asymmetric state 
is one in which one form dominates. 
Spontaneous symmetry breaking is a 
mechanism by which a system “spon¬ 
taneously 11 goes from a symmetric 
state to an asymmetric one. 

Spontaneous symmetry breaking oc¬ 
curs only under specific physical con¬ 
ditions. It cannot occur in a system 
closed to the inflow of energy and 


matter. Such a system will proceed 
toward thermodynamic equilibrium, a 
state in which the concentration of a 
molecule depends only on that mole¬ 
cule's energy and entropy. Because the 
energies of L- and D-enantiomers are 
equal (ignoring the tiny energy differ¬ 
ence caused by the Z force), in this 
state the numbers of l- and o-enantio- 
mers will be equal, and the state will 
be chirally symmetric. 

If the system is open to the inflow 
of energy or matter, however, it is no 
longer in thermodynamic equilibrium. 
Spontaneous symmetry breaking then 
can become operative and can throw 
the system into a chirally asymmetric 
state, one that has unequal amounts 
of the enantiomers. 

In 1953 Sir Frederick Charles Frank 
of the University of Bristol developed 
a simple model to illustrate how spon¬ 
taneous symmetry breaking might op¬ 
erate in a chemical system consist¬ 
ing of two molecular species. Frank’s 
model assumes that each species is 
capable of replication and that the 
presence of one diminishes the popu¬ 
lation growth rate of the other; that 
is, they compete. The replication rates 


for the species are identical, as is each 
one's effect on the other. Neverthe¬ 
less, as soon as one species becomes 
slightly more numerous than the oth¬ 
er (for example, by means of a random 
statistical fluctuation), the more nu¬ 
merous species quickly becomes com¬ 
pletely dominant. The symmetric bal¬ 
ance between the two types of mole¬ 
cules is unstable and spontaneously 
evolves into an asymmetric state in 
which one type dominates. 

Et is easy to imagine how this would 
work on a biological level. Even if the 
mirror image of life as we know it once 
existed on the earth, competition be¬ 
tween the two types might have result¬ 
ed in the extinction of looking-glass 
life. Frank's model shows that this is 
also possible on the molecular scale, 
thereby demonstrating how an excess 
of L-amino acids or D-sugars could 
have arisen from a primordial soup in 
which both enantiomers were initially 
on an equal footing. 

The Weak Force Again 

We now turn to the second question: 
Is it possible that the weak nuclear 
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force is responsible for the dominance 
of L-amino acids and o-sugars? Ever 
since the discovery of parity violation, 
there have been attempts to invoke 
beta decay and related phenomena as 
mechanisms that could lead to an ex^ 
cess of one enantiomer. Frederic Vest- 
er and Tilo L. V. Ulbricht, who were at 
Yale University in 1957 when parity 
violation was discovered, noted that 
beta electrons, because they are pre¬ 
dominantly left-handed, emit predom¬ 
inantly left-handed electromagnetic 
radiation (radiation that is polarized 
and rotated to the left). Vester and 
Ulbricht proposed that left-handed 
radiation decomposes one enantio¬ 
mer preferentially, leaving a net ex¬ 
cess of its mirror image. The ex¬ 
pected asymmetry produced by the 
Vester-Ulbricht process, however, is 
extremely small and has yet to be 
detected experimentally. 

Beta particles can also decompose 
chiral molecules directly. One of us 
(Hegstrom) has calculated that the rel¬ 
ative difference in the rates of such 
decomposition for L- and D-enantio- 
mers is about one part in 10 n . Experi¬ 
ments by Arthur Rich, James C. Van- 
house and their co-workers at the Uni¬ 
versity of Michigan have found that 
the difference is indeed less than one 
part in IQ 9 . 

Yet another candidate is the Z force 
itself, which can affect the production 
rates of L- and D-amino acids. As previ¬ 
ously noted, however, the effect of the 


Z force is so minuscule that the ex¬ 
pected difference would be about one 
part in 10 17 , For such a small asym¬ 
metry to have produced the observed 
dominance of L-amino acids and D- 
sugars, some amplification mecha¬ 
nism must have been operating. 

One of us (Kondepudi) and George 
W. Nelson, now at the Los Alamos 
National Laboratory, have shown theo¬ 
retically that such a mechanism in¬ 
deed exists in nonequllibrium chemi¬ 
cal systems. It is referred to as noise 
averaging by communications engi¬ 
neers, who exploit it to extract a signal 
from a noisy background. Imagine a 
pool of water in which two enantio¬ 
mers compete with each other, as in 
Frank's model. Many random influenc¬ 
es will tend to favor the survival first 
of one enantiomer and then of the 
other. These fluctuations are much 
larger than the effect of the weak 
force, but because they are random, 
they lend to cancel out. Given enough 
time, the small systematic effect of the 
weak force will influence the handed¬ 
ness of the symmetry breaking and 
push the system to a dominance of 
one enantiomer over the other. 

What conditions are necessary for 
the noise averaging to operate, and 
what time scales are involved? There 
should be a more or less constant flow 
into the pool of the achiral reactants 
needed to produce the enantiomers. 
The system will therefore be open 
and far from cquilibri urn, ensuring that 


spontaneous symmetry breaking can 
take place. The reactants should pro¬ 
duce enantiomers that replicate and 
compete with each other. And the pool 
should be large enough and sufficient¬ 
ly well mixed (over an area of about 
10 square kilometers and a depth of 
several meters, roughly) to eliminate 
largely the net effect of random fluc¬ 
tuations. If these conditions are satis¬ 
fied, the weak nuclear force should be 
capable, over a period of from 50,000 
to 100,000 years, of strongly influenc¬ 
ing the outcome of the symmetry¬ 
breaking process. After this time there 
is at least a 98 percent chance that 
nearly all the molecules—amino acids, 
in this instance—will be left-handed 
(assuming that the weak force favors 
L-enantiomers). In such an environ¬ 
ment, chiraily asymmetric life based 
on L-amino acids could evolve. 

Such a slow chemical process is dif¬ 
ficult to observe in the laboratory. An 
elegant electronic simulation by Frank 
E. Moss of the University of Missouri 
at St. Louis and Peter V. E. Me Clin lock 
of the University of Lancaster has con¬ 
firmed the existence of the predicted 
mechanism, but no such mechanism 
has yet been observed in a real chemi¬ 
cal system. 

Before or after Life? 

We have presented several models 
to show how chiral asymmetry might 
have arisen in biomolecules. The fi- 



AUTQCATALYSIS AND SYMMETRY BREAKING are demonstrated 
in a simple chemical model. Two achiral molecules, S and T, are 
pumped into a pool of water (left). They react to form the chiral 
molecule X in either of its enantiomeric forms, X L or X D . X may 
react again with S and T to produce a second X L or X D ; this 
self-replication is termed autocatalysis. X L and X D may also 
annihilate each other by producing a product P. If none of 
these reactions favors the L- or the D-enantiomer, the concen¬ 
trations of X L and X D should remain equal. The reaction-rate 
equations show, however, that the balance between autocatal¬ 
ysis and mutual annihilation is unstable. The critical parame¬ 
ter is lambda (X), the product of the concentrations of S and T. 
When X is increased past a critical value X c , the system will flop 
into a state where X L or X D is favored, although which state is 


chosen is entirely random. The symmetry between L and n is 
“broken spontaneously.*" Alpha (oi>, the difference between the 
concentrations of X L and X D , is a measure of this asymmetry. 
Frank E. Moss of the University of Missouri at St. Louis and 
Peter V. E. McClintock of the University of Lancaster simulat¬ 
ed this model electronically. They found (center) that as X in¬ 
creased, symmetry was broken and X D became dominant, al¬ 
though the dominance of X L was equally Likely. They also al¬ 
tered the simulation to give a small systematic advantage to 
X L , analogous to the possible effect of the Z force (right). As X 
increased, the system almost always fallowed the lower branch, 
where X L dominates; the upper branch, where X D dominates, 
became an improbable outcome. Such a model may explain 
the dominance of L-amino acids over D-amino acids in nature. 
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CHIRAL LIFE CHEMISTRY may be a relic of prebiotic conditions 
or an artifact of the life process. One theory holds that when 
life appeared in the primordial soup, the first cell formed con- 
taming all L amino acids {a\. This would have been extremely 
improbable, however, if the soup were composed of an equal 
mixture of left and right enantiomers. Another possibUity is 
that the first cell randomly formed with a slight excess of L- 
amino acids (f?) s and evolutionary selection favored life based 
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on just one enantiomer. Some have proposed that life arose 
in many places simultaneously in both L- and D-amino acid- 
based forms (c); these forms competed, and life based on [> 
amino acids became extinct. An alternative view, investigat¬ 
ed by the authors, is that spontaneous symmetry breaking pro¬ 
duced near chiral homogeneity in each of the many places 
where life appeared id). The parity-violating weak force influ¬ 
enced the symmetry-breaking process in favor of L-amino acids. 


nal important question Is whether 
this asymmetry arose before or after 
the appearance of the first primitive 
life, the “first cell.” Rased on current 
knowledge of the structure and func¬ 
tion of biopolymers, it is difficult to 
understand how a protein or nucleic 
add consisting of both L- and D-mono- 
mers could function. Experiments 
show that strings of amino acids con¬ 
taining both l- and D-acids do not 
correctly form the alpha helix shape 
that is crucial for the catalytic func¬ 
tions of proteins. Without homo chiral¬ 
ity (the situation in which all amino 
acids have the same handedness), the 
catalytic activity of proteins would 
have been extremely poor; it is hard to 
imagine how the complex structures 
of life could have evolved under such 
conditions. Similar observations apply 
to nucleic adds. It would appear, then, 
that homochirality in biomolecules 
must have arisen before life. 

In support of this view, various au¬ 
to catalytic, symmetry'-breaking mod¬ 
els, such as the Kondepudi-Nelson 
mechanism referred to previously, 
have been proposed. Yet no one has 
been able to pinpoint a particular set 
of prebiotic compounds that have all 
the properties required by such mod¬ 
els. Some investigators consider this a 
serious difficulty; it is one of the main 
reasons they think chiral asymmetry 
must have arisen not before but after 
the first cell. 

According to this view, the first cel] 
developed as a singular event, and 
it did not possess the strongly chi¬ 
ral chemistry characteristic of mod¬ 


em life. The original “common ances¬ 
tor" of all life was accidently created 
with a small excess of L-amino acids 
or D-sugars and so incorporated only 
a slight chiral asymmetry. Proteins 
made of only one enantiomer are bet¬ 
ter catalysts, nucleic adds made of 
only one enantiomer are more stable 
and L-proieins interact more efficient¬ 
ly with D-nucleic acids. Therefore, in 
a competitive environment, evolution¬ 
ary refinement of succeeding gener¬ 
ations gradually produced life with 
all L-proteins and all d- nucleic acids. 
There is still the problem of imagining 
a viable life-form—the original com¬ 
mon ancestor—made of biopolymers 
that contain nearly equal numbers of 
L- and D-enantiomers, To avoid this 
difficulty, some students of the sub¬ 
ject have proposed that, by chance, the 
first cell already had proteins com¬ 
posed entirely, or nearly entirely, of 
L-amino acids. By any reasonable esti¬ 
mate, however, the probability' of this 
happening is extremely small. 

Some have proposed a third possi¬ 
bility—thai the appearance of life was 
not a singular event. Symmetry break¬ 
ing occurred in many places ran¬ 
domly, without being influenced by 
the chi rally asymmetric weak force. In 
places dominated by D-amino acids, 
“d Life" arose, and in places dominated 
by L-amino acids, 14 l life" arose. The 
two forms competed, and P life van¬ 
ished without a trace. 

Clearly, the key questions about the 
origin of chiral asymmetry in life re¬ 
main unanswered, as do questions 
concerning the origin of chiral asym¬ 


metry on a macroscopic level. Al¬ 
though it is now evident that the weak 
force, acting on the level of elementary 
particles, can give rise to handedness 
and left-right asymmetry in atoms and 
molecules, it is not known if these 
characteristics are expressed at the 
level of plants and animals. The chiral 
asymmetry in snails' shells, for exam¬ 
ple, does not appear to be related in 
any way to the asymmetry incorporat¬ 
ed in their DNA or proteins; the off¬ 
spring of slnistral snails can be dex- 
Lral. The answers to questions about 
handedness in snails, human beings, 
cabbages and kings will have to await 
further revelations from developmen¬ 
tal and evolutionary biology. 
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Stress in the Wild 

Studies of free-ranging baboons in an African reserve 
are helping to explain why human beings can differ 
in their vulnerability to stress-related diseases 


by Robert M. Sapolsky 


T he year was 1936. Hans Selye, a 
young physician just starting off 
in research at McGill University 
in Montreal, had a major problem. He 
had been injecting rats daily with a 
chemical extract to determine the ex¬ 
tract's effects and had identified con¬ 
sistent changes in the animals: pep¬ 
tic ulcers, atrophy of immune-system 
tissues and enlargement of the adre¬ 
nal glands. To his surprise, however, 
the rats in the control group, which 
had been injected with saline solution 
alone, showed identical changes. 

Most scientists would have thrown 
up their hands at this paradox. Instead 
Selye focused on what the two groups 
had in common: the repeated injec¬ 
tions. He wondered if the trio of 
changes he had identified was actually 
a generalized physiological response 
to unpleasantness per se. 

He then tested that idea and found 
the same three effects regardless of 
whether rats were made too hot or too 
cold or were exposed to pathogens, 
toxins or loud noises. Selye borrowed 
a term from engineering to describe 
the body's nonspecific response to an 
insult What the rats were undergoing, 
he decided, was stress. Thus, the field 
of stress physiology was born. 

Since 1936 important details have 
been added to Selye's initial char¬ 
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acterization of the stress response, 
which is now known to involve the se¬ 
cretion of perhaps a dozen hormones 
and the inhibition of various others. 
Many studies have also demonstrated 
that chronic activation of the stress 
response can impair health. Moreover, 
some people seem to be more vulner¬ 
able to stress-related disorders than 
others. What accounts for the dif¬ 
ference in susceptibility? Is it simply 
that some people are exposed to more 
stress in their daily lives, or do people 
actually differ in how r their bodies re¬ 
spond to stress? 

I am approaching these questions 
in an unusual way—by studying stress 
in free-ranging baboons. My ongoing 
research program has added strong 
support to a growing body of work 
suggesting that people's psychologi¬ 
cal and social characteristics (for ex¬ 
ample, their emotional makeup, per¬ 
sonality and position in society) can 
profoundly influence their physiologi¬ 
cal response to stress. 

A It ho ugh chronic activation of the 

/Vstress response can be harm- 
JL ful, few r individuals could live 
for very long if their bodies were un¬ 
able to invoke it. In fact, the stress 
response enables an organism to with¬ 
stand Immediate threats to its homeo¬ 
static balance, or physiological equi¬ 
librium. The response can be triggered 
by an actual insult (a physical stress¬ 
or), such as extreme cold or the attack 
of a predator, or by the mere expecta¬ 
tion (a psychological stressor) that an 
insult is about to be delivered 

In essence, the stress response pre¬ 
pares the body for "fight or flight." 
Glucose, the body’s primary source 
of energy, is mobilized from storage 
sites. Blood, which transports glucose 
and oxygen, is diverted from organs 
that are not essential for physical ex¬ 
ertion, such as the skin and intestines, 
and is delivered quickly to organs that 
are crucial—namely, the heart, the 
skeletal muscles and the brain. The 


shift in blood flow 7 is accomplished 
in part by constricting some blood 
vessels, dilating others and increasing 
the heart rate. Meanwhile cognition 
is sharpened (perhaps to facilitate the 
processing of information), and the 
perception of pain is blunted. And 
physiological activities that are not 
of immediate benefit are deferred; 
hence, growth, reproduction, inflam¬ 
mation and digestion—all of which are 
expensive, optimistic processes—are 
inhibited. 

Chronic activation of the stress re¬ 
sponse can damage health by various 
means. If glucose is constantly mobi¬ 
lized instead of being stored, then 
healthy tissues atrophy, and fatigue 
sets in. With enough time, the car¬ 
diovascular changes promote hyper¬ 
tension, which in turn can damage 
the heart, the blood vessels and the 
kidneys. Moreover, when constructive 
processes are deferred indefinitely, 
the body pays a price in the form of 
impaired growth and tissue repair, re¬ 
duced fertility and, as Selye's results 
suggested, diminished immune func¬ 
tion and increased susceptibility' to 
peptic ulcers. 

As new links between stress and 
disease emerge, it sometimes seems 
miraculous that anyone can function 
in the modern world without being 
incapacitated by stress. Still, most 
people do just fine. The question of 
why this is the case has been ad¬ 
dressed from several perspectives. 
Some investigators study the effects 
of stress on human beings directly. 
For example, people w r ho have clas¬ 
sic, hard-driving, Type A personalities 
have been found to be at increased 
risk for hypertension and heart dis¬ 
ease. Yet the physiological events 
translating personality traits into dis¬ 
eases that take years to develop are 
difficult to trace in human beings, 
who, after all, have complex emotional 
lives and cannot be caged in laborato¬ 
ries for controlled, long-term study. 

Taking a different approach, some 
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investigators study such subjects as 
laboratory rats. For instance, In the 
1960's Jay M. Weiss, then at Rockefel¬ 
ler University, showed that a sense of 
control or predictability can strongly 
influence an animal's physiology. For 
example, rats who receive a warning 
before they are exposed to an electric 
shock have a lesseT stress response 
and less pathology in comparison 
with subjects who receive the same 
sequence of shocks but without warn¬ 
ing. Yet the psychology of human be¬ 
ings is (hopefully) more complicated 
than that of rats, and so the subtlety of 
the psychological variables that can be 
studied in such animals is limited. 

C aptive primates are a reason¬ 
able alternative to both human 
and rodent subjects, but captiv¬ 
ity, which is stressful in itself, can 
distort an animal's behavior and base¬ 
line measures of physiological func¬ 
tioning. Thus, it may compromise the 


applicability of any findings to non- 
captive populations. 

I have tried to circumvent some of 
the problems associated with captivity 
by studying olive baboons (Papia anu - 
bis) living freely in the Masai Mara 
National Reserve in Kenya. These intel¬ 
ligent animals are good stand-ins for 
human subjects in part because their 
primary sources of stress, like those 
of humans in modern society, are psy¬ 
chological rather than physical. Food 
is plentiful; the baboons spend only 
a few hours each day feeding. Preda¬ 
tors are few, and infant mortality is 
low. With the luxury of plentiful re¬ 
sources and free time, the animals can 
devote themselves to distressing one 
another. 

I study the males, who are quite 
adept at that activity. Violence itself is 
actually rare, but the hint of violence 
is ever present. Consider what can 
happen to a suitor who forms an asso¬ 
ciation with a female in “heat ” staying 


dose during the courtship period to 
prevent other males from taking his 
place. Often a rival male will shadow 
the couple for days, thereby disrupt¬ 
ing the mating attempts of the initial 
suitor. The interloper may never for¬ 
mally provoke a fight but will inexora¬ 
bly maintain pressure on the courting 
male. It is not uncommon for these 
chess matches to result in surrender 
by the exhausted first suitor. 

In other competitive situations, one 
male might form a coalition with a 
second male against a third. If these 
partnerships are stable, they can be 
quite successful. Long-term stability is 
rare, however. After spending hours 
establishing a coalition, a baboon may 
find himself abandoned in the middle 
of a fight or, worse, double-teamed, as 
his erstwhile colleague opportunisti¬ 
cally switches sides. 

Some animals are victimized more 
than others. The males form domi¬ 
nance hierarchies, and the lives of 



MALE OLIVE BABOON (Papio arwbis) in the Masai Mara National 
Reserve in Kenya struggled to kill a gazelle for food (/eft) only 
to have his meal ended prematurely when a more dominant, 
or higher-ranking, male (approaching from behind) expressed 
interest in the bounty {righth Presumably frightened by the 



interloper, the first baboon retreated quickly. Such scenes are 
common in the reserve; olive baboons, like human beings, 
are adept at stressing one another. The author has discovered 
that dominant males as a group generally have a different 
physiological response to stress than do subordinate males. 
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HOURS AFTER ANESTHETIZATION 


AVERAGE TESTOSTERONE LEVELS in dominant and subordinate male baboons are 
essentially equal when the animals are at rest but typically diverge strikingly when 
the animals are exposed to an identical stressor—in this case, anesthesia. The levels 
of the subordinate males (red) plummet immediately, whereas those of the dominant 
males {blue) rise sharply at first and remain elevated for approximately an hour. 



CAUSES of differing testosterone levels in subordinate and dominant males during 
stress have been identified. When an animal rests, testosterone is released as the last 
step in a hormonal cascade {black arrows) beginning at the hypothalamus in the 
brain. The hypothalamus secretes luteinizing hormone-releasing hormone (LH-RH), 
causing the pituitary gland to release luteinizing hormone (LH), which in turn 
stimulates the testes to secrete testosterone. Stress triggers the release of beta- 
endorphin, an opiumlike substance, in both subordinate (red arrows) and dominant 
(blue arrows) males; this substance then inhibits (minus signs) the secretion of 
LH-RII, and thus LH, in both groups. In subordinate males testosterone levels fall 
because of the LH decline and because of the secretion of the hormone cortisol 
(hydrocortisone) during stress: cortisol tends to diminish the testes* responsiveness 
to LH. Testosterone levels in dominant males rise because the testes become rel¬ 
atively insensitive to cortisol and because the flow of blood to the testes increases; 
for a time, this increased flow actually increases the amount of Ill that is received. 


the animals who occupy the most 
subordinate positions are filled with 
a stressful lack of both control and 
predictability. Dominant males have 
easier access to food, to safe rest¬ 
ing places and to shady spots at mid¬ 
day . They often have easier access to 
sexual partners and will be groomed 
more readily by other baboons. In con¬ 
trast, subordinate males may labori¬ 
ously dig tubers from the ground only 
to have the food nonchalantly seized 
by dominant males. Dominant males 
who lose a fight often seek a subordi¬ 
nate on whom to vent frustration, and 
they are likely to displace aggression 
onto the innocent bystander without 
warning. 

Thus, the olive baboons occupy a 
social landscape of Machiavellian di¬ 
mensions. Alliances shift unpredicta- 
bly; threats range from days of harass¬ 
ment to sudden bursts of violence, 
and a baboon bent on avoiding the 
turmoil may still fall victim to another 
animal’s problem. 

W hen I began studying the olive 
baboons in 1978, one of my 
first tasks was to determine 
whether two baboons exposed to an 
identical stressor can in fact have dif¬ 
ferent physiological responses. When 
E considered that a male’s rank pro¬ 
foundly influences what he does in a 
day and how he is treated by others, J 
began to w r onder whether rank might 
somehow also affect how ihe males 
respond to stress. Would the physio¬ 
logical response of dominant and sub¬ 
ordinate males differ? 

It turns out that the stress response 
does differ in the two groups. I have 
therefore explored the nature of these 
differences in some detail, along with 
iheir possible causes. 

Every year I spend three months in 
Kenya, where l study the baboons ac¬ 
cording to a standard routine, usually 
with the help of a Kenyan assistant, 
Richard Kones. We begin by determin¬ 
ing the males' social rank that season, 
which essentially involves evaluating 
how r often the animals get what they 
want 1 or instance, we rate the animals 
according to whether they win most 
of their fights, are more often the har- 
asser rather than the harassed, and 
are able to supplant another male 
(who might be, say, resting in a desir¬ 
able spot, feeding or being groomed). I 
consider males in the top half of the 
hierarchy to he dominant and those in 
the bottom half, subordinate. 

Once the males’ social positions are 
known, I assess their baseline hor¬ 
mone levels and measure their meta¬ 
bolic responses to a physical stressor: 
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anesthesia. I anesthetize the animals 
by “darting” them with a syringe shot 
from a blowgun. Before the animals 
lose consciousness, they become mo¬ 
mentarily disoriented, which seems to 
trigger the stress response. The anes¬ 
thesia not only stresses the animals, it 
also makes it possible to obtain re¬ 
peated blood samples over the course 
of the day and thus to track changes in 
the animals 1 hormone levels. 

In carrying out the darting I have to 
adhere to many constraints. The ba¬ 
boons must all be injected at the same 
time of day, to control for rhythmic 
fluctuations in hormone levels. No ani¬ 
mal can be darted if he has been in¬ 
jured or sick recently or if he has 
mated or had a major fight; such ex¬ 
periences will distort resting, or base¬ 
line, values of hormones. For the same 
reason, I have to be sure the animals 
have not eaten before they are anes¬ 
thetized. Animals must not sense they 
are being stalked, or the data might be 
confounded by anticipatory stress. Fi¬ 
nally, an initial blood sample (which 
establishes the baseline levels of the 
hormones to be studied) must be ob¬ 
tained within a few minutes after an¬ 
esthesia sets in; if too much time 
elapses, the levels of the hormones of 
interest will have changed. 

With this approach 1 have found 
that wben the dominance hierarchy is 
stable (as it usually is), the workings 
of nearly every physiological system 
l have examined differ between the 
dominant and subordinate males. It 
also turns out that the physiological 
profile of the subordinate animals is 
closer to the type that is thought to 
predispose humans to stress-related 
disease. 

T he hormonal system that con¬ 
trols the secretion of testoster¬ 
one (the principal reproductive 
hormone in males) offers a good ex¬ 
ample of how the stress response dif¬ 
fers between dominant and subordi¬ 
nate olive baboons. Although the aver¬ 
age resting levels of testosterone arc 
essentially the same in both groups, 
the levels diverge markedly when the 
animals are stressed. 

Testosterone is normally released 
as the Anal step in a cascade of hor¬ 
mone secretion that begins at the 
brain. There, the hypothalamus releas¬ 
es a substance known as luteinizing 
hormone-releasing hormone, which 
stimulates the pituitary gland to re¬ 
lease luteinizing hormone. This hor¬ 
mone, in turn, triggers the testicular 
release of testosterone. 

In both dominant and subordinate 
baboons, as in human beings and rats, 


testosterone levels plummet in re¬ 
sponse to stress. Yet the similarity 
between dominant and subordinate 
males ends there. After the baboons 
are darted, the testosterone levels of 
subordinate males decline promptly, 
whereas those of dominant males ac¬ 
tually rise and remain elevated for 
perhaps an hour before declining. 

Theoretically, the rise in testoster¬ 
one could give dominant males a sur¬ 
vival and social advantage, because 
the hormone increases the rate at 
which glucose reaches the muscles. 
Such changes would be expected to 
help dominant baboons withstand a 
physical challenge. (Testosterone also 
regulates sexual behavior and aggres¬ 
sion, but the magnitude and duration 
of the testosterone increase found in 


dominant males during stress would 
not be enough to improve sexual per¬ 
formance or to make dominant males 
more aggressive than others.) 

What causes testosterone levels to 
decline during stress, and by what 
mechanism are the levels elevated for 
a time in dominant males? I have dis¬ 
covered that the decline is driven in 
part by the stress-induced secretion 
of the opiumlike substance beta-en- 
dorphin, a pain suppressor that is 
best known for causing the so-called 
runner’s high. Beta-endorphin, which 
is secreted by several organs, sup¬ 
presses the hypothalamic secretion 
of luteinizing hormone-relea sing hor¬ 
mone, which in turn suppresses the 
pituitary secretion of luteinizing hor¬ 
mone, leading to a decline in the 



MECHANISM regulating the release of cortisol is disrupted in subordinate males, 
which helps explain the finding that, under normal circumstances, the mean basal 
cortisol levels of subordinate males are higher than those of dominant males. In both 
groups of animals the release of cortisol increases in response to stress (gray ar¬ 
rows ): the hypothalamus secretes corticotropin-releasing factor (CRF) and related 
hormones, and these stimulate the pituitary gland to release corticotropin, which 
causes the adrenal glands to release cortisol into the blood. In dominant males (blue 
arrows) the hypothalamus receives accurate feedback from the blood, so that the 
brain is informed soon after a threshold level of cortisol is reached; the brain then 
inhibits the secretion of CRF and its relatives, leading to a decline in cortisol release. 
In subordinate baboons (red arrows ) the feedback signal is weak, and so the brain is 
informed that cortisol levels are low even when they are actually high. Consequently, 
the hypothalamus markedly increases its secretion of CRF and related hormones. 
The pituitary of subordinates is somewhat insensitive to such substances, but the 
large amounts reaching the pituitary nonetheless trigger an increase in the secre¬ 
tion of corticotropin, w f hich then leads to the chronic hypersecretion of cortisol. 
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BETRAYAL BY A COMRADE during a flghl is a typical stressor for baboons. The males 
often form coalitions for battle but never know if a partner is reliable. In one typical 


amount of luteinizing hormone that 
reaches the testes. I determined that 
beta-endorphin accounts for the de¬ 
cline in luteinizing hormone by ad¬ 
ministering a drug to the baboons that 
blocks the access of the opioid to its 
receptors in the hypothalamus. When 
the activity of beta-endorphin was 
thus blocked, there was no stress-in¬ 
duced lowering of the levels of lutein¬ 
izing hormone. 

Another cause of the decline in tes¬ 
tosterone levels is a decrease in the 
sensitivity of the testes to luteiniz¬ 
ing hormone. This change is caused by 
the hormone cortisol, or hydrocorti¬ 
sone, which is released in quantity by 
the adrenal glands during stress. 

The initial rise in testosterone levels 
after darting in dominant males can¬ 
not be explained by changes in the 
activity of either the brain or the pi¬ 
tuitary gland, because the levels of 
luteinizing hormone released by the 
pituitary' decline equally in high- and 
low-ranking males. Nor are cortisol 
levels involved; they are the same dur¬ 
ing stress in both groups. The expla¬ 
nation, then, must lie elsewhere. 

I have found that a two-part mecha¬ 
nism seems to be responsible. In one 
part the testes of the dominant males 
somehow become less sensitive to the 
testosterone-inhibiting effects of cor¬ 
tisol. Yet, if decreased sensitivity to 
cortisol were the only mechanism op¬ 
erating, it would merely slow r the de¬ 
cline of testosterone levels but would 
not lead to their elevation. 

The rise itself probably results from 
the stress-induced release by the sym¬ 
pathetic nervous system of what are 
called catecholamines, such as adren¬ 
aline and noradrenaline, which affect 
blood flow For unknown reasons, the 
testicular vascular system of domi¬ 
nant males is particularly sensitive to 
the dilating effects of the catechola¬ 
mines, and so the testes of dominant 
males probably receive more blood 
during stress than do those of sub¬ 
ordinate males. Hence, although the 
output of luteinizing hormone from 
the pituitary gland declines in both 
groups, any luteinizing hormone in 
the blood is probably delivered faster 
to the testes of dominant males. Such 
enhanced delivery would lead to a 
temporary increase in the amount of 
luteinizing hormone reaching the tes¬ 
tes and so to an increase in the testicu¬ 
lar output of testosterone. 

M y work has also identified 
rank-associated differences in 
the organ system responsible 
for increasing the release of cortisol 
into the blood during stress. The se¬ 


cretion of cortisol, like t hat of testos¬ 
terone, is the final step in a cascade of 
hormone secretion that begins in the 
brain. In this case, when the animal is 
stressed, the hypothalamus steps up 
its secretion of corticotropin-releasing 
factor and related hormones. These 
hormones cause the pituitary gland to 
release adrenocorticotropic hormone, 
also known as corticotropin. Cortico¬ 
tropin, in turn, stimulates the adrenal 
glands to release cortisol. 

Cortisol is responsible for much of 
the double-edged quality of the stress 
response. In the short run it mobilizes 
energy, but its chronic overproduction 
contributes to muscle wastage, hyper¬ 
tension and impaired immunity and 
fertility'. Clearly, then, cortisol should 
be secreted heavily in response to a 
truly threatening situation but should 
be kept in check at other limes. This 
is precisely what occurs in dominant 
males. Their resting levels of cortisol 
are lower than those of subordinate 
males yet will rise faster when a major 
stressor does come; exactly how this 
speedier rise is accomplished is not 
understood. 

1 determined the cause of the higher 
basal cortisol levels in subordinate 
males by separately studying each 
part of the cascade that leads to the 
hormone’s release and clearance from 
the blood. Working backward from the 
blood to the brain, i determined that 
the cortisol is cleared from the blood 
of subordinate and dominant males at 
the same rate. Therefore, the high cor¬ 
tisol levels of subordinates must stem 
from the excess secretion of cortisol 
by the adrenal glands. 

This excess cortisol secretion could 
result from an increased sensitivity of 
the adrenal glands to corticotropin, 
excess secretion of corticotropin by 
the pituitary gland, or both. I found 
that the adrenal glands of subordinate 
males are not more sensitive; there¬ 
fore, they must be exposed to more 
corticotropin. 


The overproduction of corticotropin 
could similarly be caused by enhanced 
sensitivity of the pituitary gland to 
corticotropin-releasing factor and its 
relatives, excess secretion of these 
substances by the brain, or both, 1 
found that the pituitary's sensitivi¬ 
ty' is actually diminished in subordi¬ 
nate animals. Thus, the brain probably 
hypersecre tes corticotropin-releasing 
factor and its relatives, ultimately giv¬ 
ing rise to high cortisol levels in the 
blood. The release of hormones by the 
hypothalamus cannot be measured 
nomnvasively, but my conclusion is 
supported by the fact that Philip W. 
Gold and his colleagues at the Nation¬ 
al Institute of Mental Health came to 
essentially the same conclusion when 
they traced the causes of elevated bas¬ 
al cortisol levels in humans who were 
depressed. 

Why would the brains of subordi¬ 
nate male baboons trigger excess cor¬ 
tisol release when the animals are at 
rest? No doubt part of the answer has 
to do with the animals' stressful lives, 
which would lead to frequent stimula¬ 
tion of cortisol secretion. In addition, 
ihe animals have difficulty' regulating 
the system responsible for the secre¬ 
tion of cortisol. 

In any chain of command, the chief 
needs feedback, an indication that the 
commands have been obeyed. In this 
system, the levels of cortisol—the fi¬ 
nal hormone secreted in the stress- 
response cascade—must be sensed by 
the brain. The brain should continue 
to evoke cortisol secretion until some 
threshold level of hormone has been 
reached, and it should inhibit secre¬ 
tion when the threshold is met. I won¬ 
dered whether the brains of subordi¬ 
nates sense blood cortisol levels ap¬ 
propriately and found they do not. 

This discovery was made by admin¬ 
istering a synthetic version of cortisol 
called dexamethasone to a number of 
baboons. In dominant male baboons, 
as in most people, the brain senses the 
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scene two pairs of animals face off Ue/tk As the fight begins, (center). Then a member of the opposing pair also withdraws, 
one animal abandons his partner, who is left to cope alone so that only two hapless combatants remain (right) in the end. 


presence of dexamethasone and re¬ 
sponds by curtailing the secretion 
first of corticotropin-releasing factor, 
then of corticotropin and then of cor¬ 
tisol, In contrast, subordinate baboons 
(and depressed people) are dexameth- 
asone-resistant, that is, their brains 
are insensitive to the shut-off signal 
As a result, cortisol production contin¬ 
ues unchecked. 

W hether subordinate males are 
in fact being harmed by their 
high basal cortisol levels re¬ 
mains to be seen, but certain dan¬ 
ger signs are already evident. For in¬ 
stance, Glen E. Mott of the University 
of Texas at San Antonio and 1 found 
evidence suggesting that subordinate 
males may be at higher risk for athero¬ 
sclerosis and thus for heart disease. 
In comparison with dominant male ba¬ 
boons, subordinates have less circu¬ 
lating HDL cholesterol, which is the 
"good” kind that helps prevent athero¬ 
sclerosis. This difference was not at¬ 
tributable to diet, levels of activity, 
body weight, genetics or testosterone 
levels but was attributable to cortisol. 
We found that the higher a baboon's 
basal cortisol values arc, the lower its 
levels of HDL cholesterol will be. More¬ 
over, laboratory studies have shown 
that cortisol can suppress the produc¬ 
tion of HDL cholesterol. 

Cortisol is known to suppress im¬ 
mune function during stress, and 
so I also compared a measure of 
such function in the two groups of 
baboons, indeed, subordinate males 
have fewer circulating lymphocytes 
(white blood cells) than do dominant 
males. Although the HDL cholesterol 
and lymphocyte signs are ominous, 
the determination of whether subordi¬ 
nate baboons are at greater risk for 
heart attacks and infections can only 
be made by studying the same animals 
throughout their lives. Complicating 
such analyses is the fact that social 
rank can change over time: dominant 


males wreaking havoc today may have 
been cringing subordinates when I 
first met them in 1978. 

Even considering this caveat, I ini¬ 
tially interpreted my data to suggest 
that the physiology of subordinate 
males predisposes them to stress-re¬ 
lated disease. Rank is physiological 
destiny, the data seemed to say, and 
the other physiological systems 1 have 
studied in these males gave the same 
impression. 

What aspect of rank might influence 
physiology the most? My own obser¬ 
vations and others' studies of captive 
animals led me to suspect that the 
psychological benefits of having a 
high rank could be particularly impor¬ 
tant. My first hint that psychological 
factors might be crucial came in 1981, 
when the dominance hierarchy of the 
olive baboons became unstable. "Die 
highest-ranking, or alpha, male in my 
study group had passed his prime and 
had no heir-apparent; usually there is 
an obvious second-ranking animal ex¬ 
erting pressure on the alpha male to 
step aside. Instead, in this year, half a 
dozen young males formed a coalition 
to oust the alpha male. In the after¬ 
math of the successful coup, however, 
the coalition disintegrated promptly. 
Any of these males dominated the rest 
of the troop's males, but among them¬ 
selves, no clear hierarchy emerged. 
Instead months of instability ensued: 
coalitions formed among subgroups 
of dominant males and then fell apart; 
the amount of aggression and the 
number of interactions meant to test 
dominance increased; and ranks shift¬ 
ed constantly. 

During this turmoil, the advanta¬ 
geous physiological correlates of dom¬ 
inance seen in other years disap¬ 
peared. In contrast to males who were 
dominant in other study seasons, 
males dominant in 1981 were physio¬ 
logically more like subordinates; they 
had elevated basal cortisol levels and 
sluggish secretion of cortisol in re¬ 


sponse to stress; they also no long¬ 
er had a transient rise in testosterone 
levels during stress. This finding sug¬ 
gested to me that the “better” profiles 
seen in dominant males in other years 
derived in part from the sense of con¬ 
trol and predictability that comes with 
sitting atop a stable hierarchy. Al¬ 
though the dominant males in 1981 
had the same high rank and power 
observed in dominant males in oth¬ 
er years, they did not have the same 
sense of security- 

similar results have been found by 
many investigators who study captive 
primates, such as rhesus and squirrel 
monkeys. When new social groups are 
forming, dominant males are found to 
have high basal levels of both cortisol 
and testosterone and to be highly ag¬ 
gressive. Once a dominance hierarchy 
is stabilized, a picture emerges that 
resembles my sketch of the olive ba¬ 
boons in stable times. 

The research on captive animals 
also indicates that the optimal hormo¬ 
nal profile seen in dominant males 
during stable times is an effect and 
not a cause of one's high rank. If 
hormonal traits accounted for domi¬ 
nance, the captive animals would have 
had different profiles even before new 
social groups were formed, but they 
did not. Thus, the beneficial physi¬ 
ology seen in dominant males seems 
to emerge from, instead of giving rise 
to, dominance and to arise only when 
dominance brings with it certain psy¬ 
chological advantages. 

M y most recent studies have al¬ 
tered my thinking about the 
influence of rank on physiol¬ 
ogy. They indicate that the advanta¬ 
geous physiology enjoyed by domi¬ 
nant males in a stable hierarchy is not 
a result of dominance after ail Rather, 
the "better” physiology found in the 
dominant males as a group Is account¬ 
ed for by a subset of animals that have 
certain personality traits. The traits 
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DOMINANT BABOONS with certain personality traits (dark blue) have lower basal 
levels of cortisol than do other dominant males (light blue), which suggests that 
attitude is a more important mediator of physiology than is rank alone. Dominant 
males who can distinguish between the threatening and neutral actions of a rival 
have cortisol levels that are about half as high as those of other dominant males 
Similarly, low cortisol levels are found in males who start a Tight with a threatening 
rival instead of waiting to be attacked ib); who know which fights to pick, and so are 
likely to win fights they initiate (c); who distinguish between having won and lost a 
fight (d)\ or who, when they do lose, lake out their frustration on subordinates (e). 
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apparently enable the animals to take 
full psychological advantage of their 
high rank and may, in fact, have help¬ 
ed the animals become dominant in 
the first place. 

My student justina C. Ray and 1 dis^ 
covered the importance of personali¬ 
ty when we analyzed the behavior of 
dominant males, formalizing as many 
distinct elements of “style" as we 
could imagine. (Similar studies of sub¬ 
ordinates are now under way.) We 
found low basal cortisol levels—our 
marker of optimal physiology—only 
in males who have at least one of 
the following characteristics: they dif¬ 
ferentiate well between the neutral 
and threatening actions of a rival 
(as evinced by acting differently after 
each of these events); when a rival is in 
fact threatening, they control the situ¬ 
ation by initiating a fight; they behave 
differently after winning and losing a 
fight; and they displace aggression 
onto a third paTty if the fight is lost. 


Dominant males who lack such abili¬ 
ties have basal cortisol levels similar 
to those of subordinate males. 

The general thrust of these findings 
is consistent with the advice routinely 
delivered by stress-management ma- 
vens, who say that being able to pre¬ 
dict and control the outcome of so¬ 
cial interactions and to find outlets 
for tensions can go a long way to¬ 
ward blunting the long-term effects 
of stress. The wisdom of this advice is 
underscored by the magnitude of Lhe 
difference in basal cortisol levels be¬ 
tween dominant males who have such 
traits and those who do not; the differ¬ 
ence between these two groups is ac¬ 
tually greater than the difference be¬ 
tween the cortisol levels of the domi¬ 
nant males as a group and those of the 
subordinates. This finding indicates 
that the number of social stressors to 
which an individual is subjected is 
less important to physiology than is 
the emotional style with which one 
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perceives and copes with the stressors. 

Studies of human subjects too have 
shown that a sense of control and 
outlets for distress are beneficial to 
physiology. For instance, in one clas¬ 
sic study parents whose children had 
cancer were shown to have elevated 
cortisol levels. The amount of eleva¬ 
tion varied, however, depending on the 
parents 1 coping style. Far lower corti¬ 
sol levels were found in parents who 
had psychological defenses against 
anxiety, Including religious faith, an 
ability to deny the seriousness of the 
child's illness, or a tendency to dis¬ 
place anxiety by becoming engrossed 
in the details of caring for the child. 

T t is perhaps platitudinous to con¬ 
clude that attitude counts, that one 
must differentiate between what 
can and cannot be changed (and ac¬ 
cept the latter), that one should find 
footholds of control and predictability 
in difficult circumstances. And yet my 
studies as well as many others have 
shown that stress-related physiology 
is remarkably sensitive to these plati¬ 
tudes and that the psychological fil¬ 
ters through which external events are 
perceived can alter physiology at least 
as profoundly as the external events 
themselves. 

For humans and animals as clever as 
humans, the stressors of life are pre¬ 
dominantly socially generated ones 
that are both subtle and ambiguous. 
To the extent that so many of our 
stressors are the inventions of the 
mind, so too must be the means of 
coping with them. 
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Nominations are requested 
for the fourth Gerard Piel Award for service to Science 
in the Cause of Man, to be presented by the Inter¬ 
national Council of Scientific Unions (ICSU) at its 23rd 
General Assembly in Sofia, Bulgaria, in October of 
1990. The Award, established by the Board of Directors 
of Scientific American, Inc., was first bestowed on 
Gerard Piel, creator of the magazine Scientific American, 
upon his retirement as Chairman. The Award 
recognizes contributions to the wise use of science for 
the benefit of human welfare and fulfillment. It may 
recognize a lifelong or an episodic contribution to this 
cause. The prize will consist of a sum of $10,000 and a 
medal. Individuals and organizations are eligible. The 
Award is administered by a different scientific 
organization each year. 


All nominations should 
include the following information, submitted on a 
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affiliation and title; a brief biographical resume, and a 
statement of justification for the nomination. 
Nominations of organizations should include 
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organization. All nominations must include the name, 
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Telephone: (33-1) 4525-0329 
Telex: ICSU 630553 F 
Telefax: (33-1) 4288-9431 

Deadline for receipt of nominations is March 15,1990. 
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Microplasmas 

Two or more atoms—stripped of their outer electrons, trapped by 
electromagnetic fields and cooled to temperatures near absolute zero — 
array themselves in structures that behave like both liquids and solids 


by John j. Bollinger and David J. Wineland 


I n 1973 a container whose “walls” 
were built from electric and mag¬ 
netic fields trapped a single elec¬ 
tron. Then in 1980 a similar device 
confined a single atom. The technol¬ 
ogy enabled physicists to measure 
the properties of electrons and atoms 
in unprecedented detail The workers 
who initiated these experiments, Hans 
G. Dehmeit of the University of Wash¬ 
ington and Wolfgang Paul of the Uni¬ 
versity of Bonn, shared the 1989 Nobel 
prize in physics. Employing the same 
control over the temperature and po¬ 
sition of atoms, we and our colleagues 
are investigating fundamental theor¬ 
ies of atomic structure by trapping as 
many as 15,000 ions {atoms stripped 
of one or more of their electrons). The 
result is called a microplasma, by ex¬ 
tension from the large groups of ions 
and electrons known as plasmas. 

A microplasma is made by first ap¬ 
plying electromagnetic fields to con¬ 
fine the ions to a specified region of 
space. A technique called laser cooling 
can then cool the trapped ions to tem¬ 
peratures of less than a hundredth of 
a kelvin. Because microplasmas can 
be built up practically one ion at a 
time, they provide an excellent oppor¬ 
tunity to explore mesoscopic systems, 
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that is, collections of ions too small 
to behave like a familiar, macroscop¬ 
ic system and yet too complex to be 
identified with the behavior of a single 
ion. Furthermore, microplasmas can 
serve as models for the dense plasmas 
in stellar objects. 

Like the atoms in liquids, the ions in 
some cold micropiasmas can diffuse 
through a somewhat ordered state. In 
other cases, the ions can resemble the 
atoms in solids, diffusing very slow¬ 
ly through a crystal lattice. Yet the 
nature of micropiasmas is quite dif¬ 
ferent from that of conventional liq¬ 
uids and solids. Whereas common liq¬ 
uids and solids have densities of about 
10 23 atoms per cubic centimeter, micro¬ 
piasmas have concentrations of about 
10 s ions per cubic centimeter. Conse¬ 
quently, the average distance that sep¬ 
arates ions in a microplasma is about 
100,000 times greater than the dis¬ 
tance between atoms in common liq¬ 
uids or solids. Furthermore, whereas 
internal attractive forces between the 
atoms hold a conventional liquid or 
solid together, external electric and 
magnetic fields hold the trapped ion 
micropiasmas together. Indeed, the 
ions, which all have the same charge, 
actually repel each other and tend to 
disperse the microplasma. 

T he first investigations of these 
cold plasmas began more than 
a decade ago. In 1977 John H, 
Malmberg and Thomas M. O'Neil of 
the University of California at San Die¬ 
go suggested that a collection of elec¬ 
trons or ions in an electromagnetic 
trap would resemble a type of matter 
known as a one-component plasma. In 
such a plasma, a rigid, uniform back¬ 
ground of charge confines mobile, 
identical particles of opposite charge. 
The specific heat, melting point and 
other thermodynamic properties of a 
one-component plasma depend great¬ 
ly on the density and the temperature 
of the mobile panicles. 

A single dimensionless parameter 


called the coupling, which can be 
derived from particle density and 
temperature, describes the thermody¬ 
namic properties of a one-component 
plasma by providing a measure of 
how strongly neighboring ions inter¬ 
act The coupling is defined as the 
Coulomb potential energy between 
nearest neighboring ions divided by 
the kinetic energy of the ions. The 
Coulomb potential energy depends on 
both the average distance between the 
ions (a function of density) and the 
charge of the ion species. The kinetic 
energy is simply the temperature mul¬ 
tiplied by a physical constant known 
as the Boltzmann constant. 

When the Coulomb potential energy 
is less than the kinetic energy—that is, 
when the coupling is less than one— 
the one-component plasma should 
have no obvious structure and should 
behave like a gas. But a one-compo¬ 
nent plasma whose coupling is greater 
than one should show some spatial 
order. In such strongly coupled one- 
component plasmas, the ions should 
stay away from each other because the 
repulsive Coulomb forces are greater 
than the thermal forces. At couplings 
of two or more, a plasma should ex¬ 
hibit liquid behavior. At couplings 
near 180, a one-component plasma 
should change from a liquid to a solid 
phase, in which the ions are arranged 
in a body-centered cubic crystal 

These theoretical predictions for 
one-component plasmas pertain to 
"infinite" systems, ones whose macro¬ 
scopic properties do not change when 
a targe number of ions are added 
or subtracted. In addition, the predic¬ 
tions are valid as long as the ions in 
the plasma behave classically, that 
is, as long as the effects of quantum 
mechanics can be neglected Under 
conditions of high density and low 
temperature, quantum mechanics can 
be important, as Eugene P. Wigner first 
investigated in 1934. 

Examples of strongly coupled one- 
component plasmas can be found in 
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MICROPLASMAS composed of six, nine and 16 ions of mercury 
{top, middle and bottom, respectively) are held in a Paul trap. A 
structural diagram is shown next to each photograph. The dia¬ 


grams are based on the predictions by Wayne Itano of the Na¬ 
tional Institute of Standards and Technology. Although the ions 
keep the same relative positions, they orbit around the z axis. 
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the universe, especially in dense stel¬ 
lar objects* The outer crust of a neu¬ 
tron star (the collapsed remnant of a 
large star that has exploded as a su¬ 
pernova) is expected to contain from 
10 26 to \0 29 iron atoms per cubic centi¬ 
meter—a density at least 1,000 times 
greater than anything on or within the 
earth. How does a strongly coupled 
one-component plasma form in this 
environment? The tremendous pres¬ 
sure in the star's crust breaks down 
the iron atoms into iron nuclei and 
free electrons. The iron nuclei behave 
classically: one positively charged nu¬ 
cleus simply repels its identical neigh¬ 
bors, On the other hand, the free 
electrons obey the laws of quantum 
mechanics, specifically the exclusion 
principle: every electron must occupy 
a different energy' state. Because of the 
high density of electrons in a neutron 
star, the electrons are forced into very 
high energy' states. The electrons are 
therefore unaffected by the motion 
of the much lower-energy iron nuclei. 
Hence, they form a uniform density 
background of negative charge. The 
mobile nuclei in the electron back¬ 
ground form a one-component plas¬ 
ma whose coupling is estimated to 
range from 10 to 1,000. 

To learn more about such natural 
plasmas, workers have attempted to 
generate a strongly coupled one-com- 
portent plasma in the laboratory. Be¬ 
cause the thermodynamic properties 
of a one-component plasma depend 
only on the coupling, a one-com¬ 
ponent plasma that is cool and dif¬ 
fuse can have the same properties 
as a one-component plasma that is 
hot and dense. Yet until recently one- 
component plasmas in the laboratory 
have not been dense enough or cool 
enough to become strongly coupled. 
In the outer crust of a neutron star, for 
example, the density of iron nuclei is 
roughly 20 orders of magnitude great¬ 
er than the typical density of ions in 
the trap. To create a one-component 
plasma whose coupling matches that 
of a neutron star, workers must cool 
trapped, charged ions to a tempera¬ 
ture that is roughly nine orders of 
magnitude less than that of the star. 
Attaining a high enough coupling de¬ 
mands temperatures well below one 
kelvin. 

In addition to having a coupling 
equal to that of the natural system, 
the laboratory one-component plasma 
must include enough ions to reveal 
the behavior that is characteristic of 
the many ions in the natural system. 
Physicists have recently taken the first 
step and are now working on achiev¬ 
ing the second. 


Both efforts involve the technology 
of electromagnetic traps. The technol¬ 
ogy is roughly 30 years old: in 1959 
Ralph F. Wuerker, Haywood Shelton 
and Robert V. Langmuir in the labora¬ 
tory at Thompson Ramo-Wooldridge, 
Inc., in California tested an electro¬ 
magnetic trap that confines charged 
metallic particles. This beautiful ex¬ 
periment demonstrates the effects 
caused by the strong coupling of the 
particles. At about the same time, 
workers began trapping electrons and 
ions (see "The Isolated Electron," by 
Philip Fkstrom and David Wineland; 
Scientific American, August, 1980]. 

In principle an electromagnetic trap 
can be nothing more than a sphere 
uniformly filled with negative charge. 
When a positively charged particle is re¬ 
leased within the sphere, it is pulled 
toward the sphere's center by the uni¬ 
formly distributed negative charge. 
Overshooting the center, the positive 
particle experiences a "restoring" 
force that is proportional to its dis¬ 
tance from the center and eventually 
pulls it back toward the centeT again. 
As long as the particle is free to move 
through the sphere, it will oscillate 
about the center. If ihe positive parti¬ 
cle is cooled gradually, however—that 
is, if its kinetic energy is decreased—it 
will oscillate over an ever smaller dis¬ 
tance until it settles in the center. 

Practical devices can approximate 
this ideal trap. Two types of elec¬ 
tromagnetic traps in particular—the 
Paul trap and the Penning trap—can 
produce strongly coupled one-com¬ 
ponent plasmas. 

T he Paul trap consists of three 
metallic electrodes: a ring and 
two end caps [see illustration on 
opposite page]. The ring is wired to a 
generator whose voltage fluctuates si¬ 
nusoidally at the so-called driving fre¬ 
quency. The electrodes are supported 
within a vacuum chamber to ensure 
that air molecules do not collide with 
the ions. 

How does the Paul trap confine 
ions? The sinusoidal ring voltage pro¬ 
duces a time-varying electric field be¬ 
tween the ring and the end caps. I he 
direction of the field alternates: half 
the time the ion is pushed toward 
the ring and pulled away from the 
end caps, and half the time the ion is 
pulled away from the ring and pushed 
toward the end caps. The ion wiggles 
sinusoidally at the driving frequency. 

Because the driving force varies si¬ 
nusoidally over time, one might ex¬ 
pect the net force on the ion to be 
zero. In other words, one might think 
that the ion would move back and 


forth under the influence of the oscil¬ 
lating electric field but that the center 
of its oscillation would remain fixed 
over time. What, then, drives the ion 
toward the center of the trap? 

The answer stems from the fact that 
because of the shape of the electrodes, 
the electric field is weaker at the 
center of the trap than it is near the 
electrodes. By considering a special 
case, one can gain a basic idea of how 
the spatial variation in the field affects 
an ion. Suppose that for a time the 
forced sinusoidal motion of an ion is 
centered closer to the top end cap 
than to the bottom end cap. When the 
ion is at the top of its oscillation, it 
encounters a strong force toward the 
center of the trap. When it is at the 
bottom of its oscillation, the force is 
toward the top end cap but is some¬ 
what weaker. The ion therefore experi¬ 
ences a net force toward the center of 
the trap—the so-called ponderomo- 
tive force. 

In the same way, the ion will ex¬ 
perience a ponderomotive force that 
tends to drive it toward the center of 
the trap if it oscillates below the cen¬ 
ter or to either side. In the vertical 
direction the ponderomotive force is 
called the axial force; in the lateral 
direction it is called the radial force. 

At all times, then, an ion in the trap 
experiences a driving force and a pon¬ 
deromotive force. It turns out that the 
axial ponderomotive force is greater 
than the radial ponderomotive force. 
An ion therefore oscillates with three 
characteristic frequencies: driving, ra¬ 
dial and axial. The trap is usually de¬ 
signed so that the radial and axial 
ponderomotive frequencies are about 
10 times lower than the driving fre¬ 
quency. Hence, the motion caused by 
the driving force is a small, fast wiggle 
superposed on a large, slow r oscilla¬ 
tion about the center of the trap that is 
caused by the ponderomotive force. 

If one disregards the smaller, faster 
oscillation caused by the driving force, 
an ion in the Paul trap moves in the 
same way it would inside a negatively 
charged sphere. Because the pondero¬ 
motive force differs in the axial direc¬ 
tion, however, it is more appropriate 
to think of the Paul trap as a spher¬ 
oid that is oblate (pancake-shaped) or 
prolate (cigar-shaped). To control the 
shape of the spheroid and the com¬ 
bined forces on the ions, one can ap¬ 
ply an additional constant voltage be¬ 
tween the ring and the end caps. When 
the overall radial force is greater than 
the axial force, the trap acts as a pro¬ 
late spheroid. Conversely, when the 
radial force is less than the axial force, 
then the trap acts as an oblate spher- 
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PAUL TRAP creates a time-varying electric field (red lines) be- tion, but its shape stays constant. The resulting ponderomo- 
tween the electrodes. As a generator applies a changing volt- tive forces (black arrows) confine charged particles. A laser 


age to the ring* the electric field changes 


old. Thus, the Paul trap can both con¬ 
fine the ions in the center and orient 
the collection in the axial or radial 
direction, 

T n 1987, working at the National 

I Institute of Standards and Tech- 
JL oology with James C. Rergquist, 
Wayne M. Itano and Charles H. 
Manney, we used a Paul trap to ob¬ 
serve strongly coupled mi crop las mas 
of mercury ions. At the same time, 
groups led by Herbert Walther and 
Frank Diedrich of the Max Planck in¬ 
stitute for Quantum Optics in Garch- 
ing, by Peter E. Toscbek of the Uni¬ 
versity of Hamburg and by Richard G. 
Brewer of the IBM Almaden Research 
Center in San Jose, Calif., were con¬ 
ducting similar experiments on vari¬ 
ous ion species. 

At the start of our experiment, a 
small amount of mercury vapor was 
allowed to leak into the vacuum sys¬ 
tem containing the Paul trap. As the 
mercury atoms passed through the 
trap, they were bombarded with a 
beam of electrons. The electrons in 
the beam had just enough energy to 
knock a single electron out of any 
meTcury atom they struck, thereby 
ionizing the atom. 

To cool the ions, we relied on the 
technique of laser cooling [see “Cool¬ 


strength and direo beam directed at 


ing and t rapping Atoms,” by William 
D. Phillips and Harold J. Metcalf; Sci¬ 
entific American, March, 1987}. We 
generated a laser beam at a frequency 
slightly below a frequency that the 
ions could easily absorb. The ions 
traveling Toward the laser source, 
however, “saw" the frequency’ as be¬ 
ing slightly increased because of the 
Doppler effect. These ions absorbed 
the light strongly and slowed down. 
The ions traveling away from the 
source encountered the light at a low¬ 
ered frequency'; as a result, they ab¬ 
sorbed the light weakly and did not 
speed up much. Overall the average 
motion of the ions was reduced; the 
ions were cooled. 

To observe the individual mercu¬ 
ry ions and their spatial structures, 
we illuminated them with ultravio¬ 
let light, which mercury ions scatter 
strongly. An ultraviolet video camera 
recorded up to 100,000 photons of 
ultraviolet light per second and there¬ 
by generated a motion picture of the 
trapped ions. The camera could re¬ 
solve details as small as one micron 
lone millionth of a meter). 

At first we worked with only one 
mercury ion in the trap and cooled it 
to millikelvin temperatures. The pon- 
deromotive force confined the ion to 
the center of the trap. When we al¬ 


trap*s center cools and probes the ions. 


lowed two ions into the trap, we dis¬ 
covered two possible configurations. 
If the radial ponderomotive force was 
stronger than the axial force, the two 
ions lined up in the axial direction, 
so that they were equidistant from 
the trap center. Conversely, if the ra¬ 
dial ponderomotive force was weaker 
than the axial force, the ions lined up 
in the radial plane equidistant from 
the trap center. As we added more 
ions to the trap, our intuition about 
the locations of the ions became ques¬ 
tionable. But, with the assistance of a 
computer to keep track of the many 
forces and ions, Itano simulated vari¬ 
ous conditions in the trap and accu¬ 
rately predicted the resulting configu¬ 
rations of ions. 

B y confining ions, we confirmed 
that a Paul trap could support 
a one-component plasma. Al¬ 
though the ions were strongly cou¬ 
pled, as the observed spatial struc¬ 
tures demonstrated, we needed to 
calculate the coupling from measure¬ 
ments of density and temperature. We 
could easily determine the density of 
the ions from images, but we had to 
measure temperature indirectly. We 
observed (as have many other groups 
in other experiments) that the motion 
of the ions modified the absorption 
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spectrum associated with the ions. 
(The absorption spectrum of an atom 
or molecule reveals the frequencies of 
radiation absorbed most strongly by 
the atom or molecule.) 

A collection of absolutely stationary 
ions would have a very sharp absorp¬ 
tion spectrum, indicating absorption 
only at well-defined frequencies. On 
the other hand, if the ions moved 
around to some degree, the absorp¬ 
tion spectrum would be blurred The 
blurring results from the motion of 
the ions toward or away from the 
radiation source* From the perspective 
of the ions, however, it is the source 
that is moving toward or away from 
them, and so the frequency of the light 
is shifted by the Doppler effect Thus, 
ions moving toward the source will 
be able to absorb radiation of slight 
Iy lower frequencies more effectively 
than motionless ions can, and ions 
moving away from the source will be 
able to absorb radiation of slightly 
higher frequencies. The combination 
of many ions moving in many direc¬ 
tions has the effect of “smearing out” 
the spectrum, and the amount of 
smearing discloses the temperature 
of the ions. This technique proved that 
the temperature of the ions in our trap 
approached 10 milllkelvins. The cou¬ 
plings, then, were as large as 500. 

These measurements of the cou¬ 
plings, which indicated that the Paul 
trap could support a strongly coupled 
one-component plasma, were done 
with fewer than about 25 ions in the 
trap. We found it difficult to create 
similar solid slates with more ions. 
The difficulty arose from the effects of 
the oscillation induced in the ions by 
the driving force. As an ion oscillates 
at the driving frequency, the repulsion 
between the ion and its neighbors en¬ 
ables it to influence the oscillations of 
the other ions. This additional pertur¬ 
bation can cause a plasma's structure 
to heat to a breaking point under cer¬ 
tain operating conditions of the trap. 
The effect is known as radio-frequen¬ 
cy heating, because the driving fre¬ 
quency for atomic ions is about the 
same as the frequency of radio waves. 
Radio-frequency heating was first ob¬ 
served in the experiments of Wuerker, 
Shelton and Langmuir. 

More recently Reinhold Blumel and 
co-workers at the Max Planck Institute 
and John A. Hoffnagle and colleagues 
at the IBM Aimaden Center have stud¬ 
ied Tadio-frequency heating of atom¬ 
ic ions in great detail These studies 
show that a small change in the sys¬ 
tem parameters of the Paul trap can 
cause a sudden transition between 
cold, crystalline states and hot, gas¬ 


eous states. For example, the rate at 
which the ions are cooled is very sen¬ 
sitive to the frequency of the laser 
light employed for cooling. If the laser 
is tuned far below the optimal cool¬ 
ing frequency, radio-frequency heat¬ 
ing transforms the ion plasma into a 
hot, disordered state. If the laser fre¬ 
quency is increased, the rate of laser 
cooling increases, until at a critical 
frequency the laser cools the ion plas¬ 
ma quickly enough, so that some or¬ 
der starts to appear. At that point the 
radio-frequency heating diminishes 
drastically, and the ion plasma sud¬ 
denly freezes into an ordered state. 
This frozen state is quite stable and 
will persist even if the laser frequen¬ 
cy is again decreased somewhat. The 
irregular nature of radio-frequency 
heating makes it difficult to study the 
liquid-to-solid phase transitions pre¬ 
dicted for one-component plasmas* 
The problem of radio-frequency 
heating grows as the number of ions 
in the trap increases. When many ions 
arc in the trap, some are pushed to¬ 
ward the electrodes, where the driving 
force is stronger* Those ions then os¬ 
cillate at the driving frequency with a 
large amplitude and thereby increase 
the effects of radio-frequency heating. 
These considerations have limited the 
number of ions that can be cooled at 
one time in a Paul trap to about 200. If 


the difficulties associated with radio¬ 
frequency heating can be overcome, 
the Paul trap should allow workers to 
study the liquid-to-solid phase transi¬ 
tion as well as ot her properties of the 
“infinite" one-component plasma* 

At present the Penning trap pro- 

/ Vvides a more hospitable environ- 
X Ament for experimenting with 
large strongly coupled one-corn po- 
nent plasmas than the Paul trap does. 
Unlike the time-varying electric fields 
of the Paul trap, the electric and mag¬ 
netic fields that confine charged par¬ 
ticles in the Penning trap are static. 
In 1988, with Sarah L. Gilbert, we con¬ 
structed a Penning trap to confine be¬ 
ryllium ions. Malmberg and colleagues 
have also employed a Penning-type 
trap to confine strongly coupled plas¬ 
mas of electrons* 

Our trap consisted of four cylindri¬ 
cal electrodes arranged end to end 
along a common axis \see illustration 
on page 120 ]* A positive voltage was 
applied to the two outer cylindrical 
electrodes. This voltage generated an 
electric field between each inner elec¬ 
trode and the adjacent outer elec¬ 
trode. These fields trapped the ions in 
the axial direction, near a plane be¬ 
tween the inner electrodes. 

A powerful magnet placed around 
the electrodes created a uniform mag- 
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SHELL STRUCTURE of a microplasma consisting of about 1,000 
beryllium ions is revealed in a photograph (/e/b made by shin¬ 
ing a laser beam through the microplasma and recording the 
resulting fluorescence. The illustrations depict the complete 


shell structure as well as the diffusion of the beryllium ions 
from one moment (center) to the next (right). The microplasma 
behaves like both a solid and a liquid: the ions (colored dots) 
travel around within the shells but not between the shells. 


netic field directed along the axis of 
the cylinders. The magnetic field pre¬ 
vented the ions from leaving the trap 
in the radial direction. The radial force 
of the electric held near the center of 
the trap is directed away from the trap 
center. This force combines with the 
axial magnetic held to cause the ions 
to orbit about the trap axis. As the 
orbiting ions pass through the mag¬ 
netic held, they experience a Lorentz 
force that is directed radially inward. 
The Lorentz force is what confines the 
ions radially. 

Except for this uniform rotation of 
the microplasma, the confining forces 
of the Penning trap are equivalent to 
the confining forces in the uniformly 
charged spheroid. Hence, even though 
ions in a Penning trap rotate, they 
behave like ions in a one-component 
plasma—in particular, they have the 
same thermodynamic properties. 

To begin the experiment, we pro¬ 
duced beryllium ions by a method 
similar to that described for making 
mercury ions in the Paui trap. The ions 
were cooled by two intersecting la¬ 
ser beams. A third laser beam, called 
the probe, was employed to measure 
the temperature of the ions. The light 
scattered by the ions was collected to 
make an absorption spectrum. As in 
the mercury-ion experiment, the tem¬ 
perature of the ions could be deduced 


from the blurring of certain features 
of the spectrum. This technique re¬ 
vealed that the ions had been cooled 
to below 10 millikelvins. 

The rotation frequency of the beryl¬ 
lium microplasma could also be de¬ 
duced from the spectrum, beryllium 
ions circulated inside the trap at a rate 
of from 2Q,0GG to 200,000 rotations 
per second. Because the rotation fre¬ 
quency is directly related to the radial 
electric fields, which are in turn relat¬ 
ed to the ion density, we were able to 
calculate that the ion density ranged 
from 50 to 500 million ions per cubic 
centimeter. From ultraviolet images of 
the plasmas we could determine the 
volume occupied by the trapped ions 
and therefore the number of trapped 
ions. The temperature and density 
measurements yielded couplings as 
large as 200 to 400 for less than about 
15,000 ions in the trap. 

W e expect a phase transition 
from a liquidlike to a solidlike 
state to occur at a coupling of 
180 for a one-component plasma with 
an infinite number of ions. Our meas¬ 
ured values for the coupling indicate 
that the trapped ions should form a 
crystalline ion solid, if the trap con¬ 
tains enough ions. Should a system of 
15,000 trapped ions, though, behave 
like an infinite system? 


Recently some computer simula¬ 
tions have elucidated this question. 
The late Aneesur Rahman of the Uni¬ 
versity of Minnesota at Minneapolis, 
John P. Schiffer of ihe Argonne Nation¬ 
al Laboratory, Hiroo Totsuji of Okaya¬ 
ma University and Daniel H. E. Dubin 
and 0‘Neil of the University of Califor¬ 
nia at San Diego have created simula¬ 
tions of a trapped plasma containing 
as many as several thousand ions. The 
simulations reveal several remarkable 
features. When the couplings exceed 
one, the ions are concentrated in con¬ 
centric shells, which are spaced even¬ 
ly. For couplings around 10, the shells 
are in a liquid state characterized by 
short-range order and diffusion in all 
directions. As the coupling increases, 
the shells become more clearly de¬ 
fined; the ions diffuse quickly within 
the shells and slowly between the 
shells. For high couplings (above 200), 
the diffusion of the ions within a shell 
slows down and the ions form a solid- 
like state. Instead of showing a sharp 
phase transition, the plasma evolves 
gradually from a liquidiike to a solid- 
like state. 

Experiments have confirmed these 
predictions. Even though the plasma 
of beryllium ions rotates around the 
axis of the Penning trap, the shell 
structure is preserved in the radial 
direction. The scattered light from 
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a laser beam cutting across the plas¬ 
ma shows alternating bright and dark 
bands corresponding to the shells. We 
looked for shell structure in plasmas 
that contained as few as 20 ions and 
as many as 15,000 ions. In a plasma of 
20 ions, a single shell was clearly ob¬ 
served. In a plasma of 15,000 ions, we 


could distinguish 16 shells. So far we 
have not detected any distinct struc¬ 
ture within a shell because of the rota¬ 
tion of the plasma In the trap. 

We w^ere able to test predictions that 
for couplings around 100, the plasma 
will act like a liquid within a shell but 
like a solid between the shells. In par¬ 


ticular, the ions should diffuse fast¬ 
er within shells than between shells. 
To demonstrate the effect, we opti¬ 
cally “tagged" the ions by tuning the 
probe laser to a specific frequency. 
The probe laser suppresses the emis¬ 
sion of light from the ions it strikes by 
placing them in a "dark” energy state 
in which they do not scatter light from 
the cooling laser beams. 

First we darkened an outer shell of 
the plasma and measured the time 
required for the dark ions in the outer 
shell to move to the inner shells. Then 
we darkened part of the plasma across 
several shells and measured the time 
required for dark ions in one part of 
a shell to move to other parts of the 
same shell. These measurements veri¬ 
fied that for moderate couplings the 
diffusion of ions between shells is 
more than 10 times slower than the 
diffusion of ions within a shell 

M any questions about micro¬ 
plasmas are still unresolved. 
At what point will the behav¬ 
ior that is characteristic of an infinite 
system start to appear? How many 
ions are required For the system to ex¬ 
hibit a sharp phase transition? At 
what stage will the solid state become 
a body-centered cubic lattice rather 
than a collection of shells? 

At present these questions are diffi¬ 
cult to answer even in theory. Dubin 
predicts, however, that perhaps as 
many as 50 to 60 shells may be re¬ 
quired before a body-centered cubic 
lattice would become an energetically 
favorable configuration. That would 
require about a million ions, more 
than 50 times the number of ions in 
the largest, strongly coupled micro¬ 
plasmas created so far. Current tech¬ 
nology should be able to confine cold 
plasmas of this size. If couplings of 
200 or more can be maintained for a 
plasma of a million ions, we may be 
able to visit the surface of a neutron 
star in a laboratory on the eaTth. 
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PENNING TRAP generates electric fields (red lines ) and magnetic fields (green lines) to 
produce forces (black arrows} that confine charged particles. The electric and mag¬ 
netic fields also cause the microplasma to rotate. Two laser beams cool the particles; 
a third serves as a probe for various experiments. The magnetic field arises from 
an electric current flowing through a solenoid (not shown) that encircles the trap. 
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The Cosmic Background Explorer 

NASA's cosmological satellite will observe a radiative relic 
of the big bang. The resulting wealth of data will be scoured 
for clues to the evolution of structure in the universe 


by Samuel Guilds, Philip 3VL Lubin, Stephan S. Meyer and Robert F, Silverberg 


1 a te last year the National Aero¬ 
nautics and Space Administration 
J launched its first satellite dedi¬ 
cated to the study of phenomena re¬ 
lated to the origins of the universe. 
The satellite, called the Cosmic Back¬ 
ground Explorer (core), carries three 
complementary detectors that will 
make fundamental measurements of 
the celestial radiation. Part of that ra¬ 
diation is believed to have originated 
in processes that occurred at the very 
dawn of the universe. By measuring 
the remnant radiation at wavelengths 
from one micrometer to one centime¬ 
ter across the entire sky, scientists 
hope to be able to solve many myster¬ 
ies regarding the origin and evolution 
of the early universe* 

The cobe data wili be analyzed for 
dues to questions of the most funda¬ 
mental nature: What were the condi¬ 
tions when the remnant radiation was 
emitted? How did the structures we 
see in the sky today develop? What 
was the cosmos like when the first 
luminous bodies formed? Can we see 
the diffuse radiation from a possible 
first generation of stars? Was there 
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an era when masses of intergalac- 
tic dust absorbed much of the early 
starlight? 

The cosmic radiation, created early 
in the evolution of the universe under 
drastically different conditions than 
those prevailing today, probably has 
several parts. Each part would have 
originated at a different stage in the 
evolution of the universe, and each 
would have been the result of differ¬ 
ent processes* The most well-estab¬ 
lished component is the cosmic mi¬ 
crowave background (cmb) radiation, 
discovered nearly 26 years ago; the 
measurement of its properties has 
been an active area of research ever 
since. Another component is expect¬ 
ed to he found in the infrared region 
of the spectrum. This cosmic infra¬ 
red background (cib), whose existence 
has not yet been confirmed, is the 
predicted consequence of the forma¬ 
tion of the first objects from primor¬ 
dial material 

Unfortunately, these radiative relics 
of the early universe are weak and 
veiled by local astrophysics! and ter¬ 
restrial sources of radiation. The wave¬ 
lengths of the various cosmic com¬ 
ponents may also overlap, thereby 
making the understanding of the dif¬ 
fuse celestial radiation a challenge. 
Nevertheless, the core instruments, 
with their full-sky coverage, high sen¬ 
sitivity to a wide range of wavelengths 
and freedom from interference from 
the earth’s atmosphere, will constitute 
for astrophysicists an observatory of 
unprecedented sensitivity and scope. 
The interesting cosmic signals will 
then be separated from one another 
and from noncosmic radiation sour¬ 
ces by a comprehensive analysis of 
the data. 

T he COBE mission has been pro¬ 
foundly shaped by the current 
understanding of the universe. 
The discovery of the cmb has led to 
wide acceptance of the hot big-bang 


theory, a remarkable synthesis of vari¬ 
ous observations that includes the ex¬ 
pansion of the universe and its hydro- 
gen-to-helium ratio, as well as the cmb 
itself. This theory asserts that the uni¬ 
verse started from a primeval fireball, 
an extremely dense and hot state with 
a tiny volume, that has since expanded 
to its present scale. As it expanded, 
the matter and radiation cooled from 
temperatures so high that the behav¬ 
ior of the primordial “stuff" that exist¬ 
ed in the first instant of the universe is 
beyond the predictive power of to¬ 
day’s physics. 

The cooling initiated events that led 
to the present universe. Neutrons and 
protons formed from their quark con¬ 
stituents. A few minutes later, nuclei 
of helium, deuterium and lithium coa¬ 
lesced from the protons and neutrons. 
Approximately 300,000 years after the 
big bang, as the universe cooled fur¬ 
ther, the nuclei combined with free 
electrons to form electrically neutral 
atoms. The initial formation of neutral 
atoms, referred to by cosmologists as 
the decoupling era, was of crucial im¬ 
portance to 1 he development of stars 
and galaxies: it allowed the matter and 
radiation to evolve independently for 
the first time* 

The radiation continued to cool as 
the universe expanded, so that today 
we observe it as the cosmic microwave 
background, whose properties closely 
resemble those of an ideal thermal 
source, called a blackbody, at a tem¬ 
perature of 2.7 kelvins. Even though 
it is now' faint and cool, the cmb re¬ 
mains the dominant form of radiant 
energy in the universe today. Because 
the matter essentially stopped inter¬ 
acting with the radiation at the de¬ 
coupling era, the present-day radiation 
gives us a “snapshot” of what the con¬ 
ditions were like when the universe 
was only about 300,000 years old. 

After the era of decoupling, matter 
evolved unhindered by radiation pres¬ 
sure and, under the influence of gravh 


122 Scientific American January 1990 




ty, collapsed into the celestial objects 
that we now see. Because significant 
amounts of elements heavier than he¬ 
lium have been observed in the old¬ 
est known stars, the material most 
likely was produced in an even earlier 
generation of stars that also formed 
during this collapse period. The en¬ 


ergy from the gravitational collapse 
and the production of the first heavy 
elements must have produced a con¬ 
siderable amount of radiation that 
should now appear in the infrared 
Hence, theory says, a cosmic infrared 
background must exist, although it 
has not yet been detected. 


Although the scenario we have out¬ 
lined is in accordance with existing 
measurements, it is hardly complete. 
Cosmologists do not know the condi¬ 
tions that prevailed between the initial 
moments of the universe and the for¬ 
mation of the most distant objects we 
now observe, a span of approximately 
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COSMIC BACKGROUND EXPLORER (CORE) scans the sky from an 
almost polar orbit near the earth’s day-night terminator. A 
shield protects its three instruments from direct solar and 
terrestrial radiation. A year's supply of liquid helium, stored 
in the cryostat (a vacuum-insulated bottle), chills the far infra¬ 
red absolute spectrophotometer (firas) and the diffuse infra¬ 
red background experiment (ddrbe) to improve sensitivity and 
reduce systematic errors. The firas examines 1,000 celestial 
regions for evidence of energetic processes in the early uni¬ 


verse. The dfrbe measures the absolute brightness of the sky 
for the vestige of the earliest starlight, a predicted but unveri¬ 
fied phenomenon that might help explain the evolution of 
cosmic structure. A third set of observations is conducted by a 
set of three differential microwave radiometers (dmr's) de¬ 
ployed outside the cryostat. Each seeks to discover tiny spatial 
variations, or anisotropies, in the microwave intensity that 
might indicate whether matter was distributed unevenly at the 
time the cosmic microwave background radiation originated. 
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VAST DIPOLE in the sky appears in this nearly complete map of 
data collected by a balloon-borne experiment conducted by 
Lubin and his colleagues. The cooler regions {blue) have been 
redshifted by .1 percent, and the hotter region (red) has been 


blueshifted to the same degree, indicating that the earth is ap¬ 
proaching Virgo at 300 kilometers per second. That implies a 
galactic velocity of 600 kilometers per second with respect to 
the cosmic background—about .2 percent of the speed of light. 


one billion years. Still, two fundamen¬ 
tal properties of the cmb provide clues 
to the conditions in the early universe: 
its spectrum and the way it varies in 
intensity with respect to direction in 
the sky—its angular variation. Because 
experiments during the past 25 years 
or so have shown that the cmb spec¬ 
trum is close to that of a blackbody 
source, it is clear that the universe 
was nearly in a state of thermal equi¬ 
librium at the period of decoupling. 
This observation constrains theories 
of the early universe. Small depar¬ 
tures from a blackbody spectrum 
would imply the existence of major 
energetic processes before the decou¬ 
pling era that would have disrupted 
the thermal equilibrium. Such varia¬ 
tions might also be the consequence 
of matter altering the radiation in the 
epochs that followed the period of 
decoupling. 

The second notable characteristic of 
the cosmic microwave background, 
the variation of its intensity from one 
direction in the sky to another, pro¬ 
vides clues that may help answer oth¬ 
er questions. Such variations, called 
anisotropies, could be produced by a 
“lumpy” distribution of matter and 
energy at the time of decoupling or 
by relative motions between the dif¬ 
ferent parts of the universe. Because 
large-scale structures such as galaxies 


would have taken a long time to coa¬ 
lesce if the initial distribution of mat¬ 
ter had been uniform, theorists pre¬ 
dict that the cmb will be found to be 
slightly anisotropic. Searches for cmb 
anisotropy that could he attributed to 
the “seeds” of present-day structures 
have been extensive and acutely sensi¬ 
tive, and yet results have been nega¬ 
tive so far: on angular scales of several 
arc minutes, we know that the cmb is 
smooth to less than 20 parts per mil¬ 
lion. If one assumed that gravity is 
the only important force driving the 
evolution of structure on a large scale, 
it would be difficult to reconcile this 
smoothness in the cmb with the lump¬ 
iness of the visible matier. 

O ne angular variation in the 
cosmic mi crowave background, 
believed to be associated with 
the velocity of the earth with respect 
to the radiation, has been detected. 
Along one direction in the sky, the cmb 
appears warmest; in the opposite di¬ 
rection it is coolest. The contrast is 
minute—only .1 percent warmer in the 
direction of the earth's motion and .1 
percent cooler in the opposite direc¬ 
tion. This angular variation, called a 
dipole distribution because it has two 
poles, implies that the earth has a 
velocity of about 300 kilometers per 
second as it moves toward the con¬ 


stellation Virgo. Taking into account 
the motion of the solar system in the 
Milky Way galaxy, one can infer that 
our galactic center is moving at 600 
kilometers per second relative to the 
cmb. This velocity is quite large (.2 
percent of the speed of light), and 
its meaning, although not completely 
clear, may be related to large-scale 
matter flow in the universe. 

Such flows are but one of the most 
recent conceptions that have revo¬ 
lutionized thinking about the evolu¬ 
tion of the early universe. The hot big- 
hang model, the central idea a decade 
ago, is still a good general hypothesis, 
but it has been modified and expand¬ 
ed to encompass new empirical data 
and new concepts. One of the funda¬ 
mental difficulties with the big-bang 
model is the "horizon problem." It 
arises in the explanation of how the 
temperature of the cmb can be uni¬ 
form on large angular scales. Thermal 
equilibrium is established by the ex¬ 
change of energy. T he big-bang model 
requires that the early expansion he 
so rapid that regions of the sky now 
separated by more than two degrees 
in angle could never have exchanged 
energy with each other, even if the 
energy traveled at the speed of light. 
Why then do all the parts of the sky 
now appear to have the same tempera¬ 
ture? The probability of this having 


124 Scientific American January 1990 




been a random occurrence is unimagi¬ 
nably small A refinement of the mod¬ 
el, a concept called the inflationary 
universe hypothesis, addresses the 
problem. 

The inflationary picture explains the 
uniformity of temperature by postu¬ 
lating that the universe expanded at 
an enormous rate in its first few 
instants. In this model, the universe 
evolved from a small space that had 
been in thermal equilibrium prior to 
the time of inflation. Hence, the Cmb is 
smooth because the cmb photons we 
see today issued from regions that 
were once in nearly perfect thermal 
equilibrium. What we see is therefore 
only a very small part of a region that 
had reached local equilibrium before 
the inflation, 

A second consequence of inflation 

/V is that the density of the uni- 
1 A verse is required to be a unique 
value, called the critical density. The 
critical density is far larger than the 
observed density, which implies that 
the universe contains much more mat¬ 
ter than just the luminous stars and 
galaxies that we observe. The unseen 
mass could be in the form of cold, 
dark matter that emits no detectable 
radiation. 

Inflation would also expand the 
quantum-mechanical density fluctua¬ 
tions that existed in the primordial 
material before the expansion began. 
This kind of fluctuation ought to have 
produced a characteristic form of 
anisotropy. Therefore, a third conse¬ 
quence of inflation is a prediction of 
how the cmb brightness should vary 
with angular separation across the 
sky. The discovery of fluctuations 
in the cosmic microwave background 
would be an important test of the 
validity of the inflationary model. 

The extreme uniformity of matter in 
the early universe, inferred from the 
isotropy of the cmb, must be recon¬ 
ciled with the condensed structures 
we see in the present-day sky: galax¬ 
ies, dusters of galaxies and superdus¬ 
ters. The dark-matter hypothesis has 
gained considerable favor in explain¬ 
ing this apparent dilemma. Incorpora¬ 
tion of cold, dark matter into the big- 
bang picture has two effects. First, it 
permits the evolution of density per¬ 
turbations to have started before the 
era of decoupling. This early forma¬ 
tion of structure does not show up in 
the cmb, because the dark matter does 
not interact with the radiation. Sec¬ 
ond, the dark matter enhances the 
density in the universe and speeds the 
evolution of structure. 


Studies of the distribution and red- 
shifts of galaxies have led to surpris¬ 
ing conclusions about the density and 
distribution of luminous matter. Enor¬ 
mous regions of space appear to be 
virtually free of any galaxies. These 
regions, called voids, are much larger 
than one would expect for randomly 
positioned matter that has clumped 
gravitationally. The theoretical chal¬ 
lenge ts to modify the hot big-bang 
picture so that one can reconcile the 
smooth distribution of the radiation 
at decoupling, represented by the cos¬ 
mic microwave background, with the 
existence of large voids in the distri¬ 
bution of luminous matter. Examples 
of such modifications to the “standard 
hot big bang" cover a wide range of 
possibilities. Some cosmologists pos¬ 
tulate that very small increases in the 
density cause very large increases in 
the tendency to form galaxies. Others 
propose that once cold, dark matter 
has dumped, it can decay, leading to 


explosions on a truly cosmic scale. 
Such catadysms would account for 
the observed voids. 

Measured distributions of the veloc¬ 
ities of galaxies imply the existence of 
very large-scale structures in the cos¬ 
mos. The velocity distribution meas¬ 
urements are exceedingly difficult and 
fraught with systematic bias, but sev¬ 
eral independent studies indicate that 
something unexpected is occurring. 
Widely separated galaxies seem to be 
moving in unison at velocities that 
wmild not be expected from a stan¬ 
dard model of the evolution of the 
matter. It appears that our galaxy is on 
the edge of an enormous region of 
space that is moving as though gravi¬ 
tationally drawn toward an object dra¬ 
matically named the Great Attractor. 
The surprisingly large velocity of the 
Milky Way relative to the cmb, as meas¬ 
ured by the dipole variation, may be 
related to this motion. Both the voids 
and the large-scale motions constitute 
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WAVELENGTH 

EXPECTED BRIGHTNESS of the phenomena COBB will observe is graphed as a function 
of wavelength. Local sources of varying brightness across the sky are plotted at their 
expected minimum values; estimated sensitivities of the coee experiments are also 
indicated. The 2.7-K cosmic microwave background dominates local sources over a 
large range of wavelengths. Radiation from the early galaxies should be nearly as in¬ 
tense as emissions from interplanetary dust at wavelengths near five micrometers. 
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experimental evidence that the big- 
bang model, even with the addition 
of cold, dark matter, has difficulty 
encompassing. 

The question of how structure 
evolved from the uniformity of the ear¬ 
ly universe is also addressed by meas¬ 
uring the properties of the radiation 
emitted after the decoupling era. If 
matter had been as luminous in early 
epochs as it is today, a measurable 
cosmic infrared background should 
have been produced. There are several 
pieces of circumstantial evidence for 
the presence of such early luminosity. 
The oldest stars observed are known 
to contain significant amounts of ele¬ 
ments heavier than helium; such ele¬ 
ments can only be formed by nuclear 
fusion in the interior of stars. Because 
the heavy elements produced in stel¬ 
lar interiors do not become detectable 
until they are ejected into the inter¬ 
stellar medium by a star's death, the 
observed heavy elements in the oldest 


known stars must have been created 
in an earlier generation of stars. 

I t is likely, therefore, that the old¬ 
est stars we see are from at least 
the second generation. Where is 
the light from the first generation of 
stars? Were these first stars smooth¬ 
ly distributed in space or dumped 
together to form the first galaxies? 
If they were dumped, the radiation 
might he found in highly redshift- 
ed protogalaxies (whose spectra have 
been shifted to longer wavelengths by 
their sources* rapid recession from 
the earth*s frame of reference). Such 
protogalaxies would appear as ex¬ 
tended dim patches in the sky. If 
the stars formed earlier than larger- 
scale structures did, then their light 
would appear as a uniform glow in 
all directions. 

It is possible that, after the produc¬ 
tion of the heavy elements, some of 
the ejected material predpitated as 



DIFFERENTIAL MICROWAVE RADIOMETER measures the difference between the 
microwave radiation emitted from two points on the sky with two horn antennas 
that are alternately connected to a single receiver. Each horn's signal is compared 
with the signal from the other horn. This technique minimizes variations in receiver 
gain, variations that would reduce the sensitivity of systems using two receivers. 


dust. This dust would have absorbed 
the radiation from the first-generation 
stars. The dust would have heated up 
and reradiated the energy at long¬ 
er wavelengths. The effect of such a 
process would be to make the energy 
from the early heavy-element-produc¬ 
ing stars appear in the far infrared. If 
the density of the dust had been high 
enough, the angular structure of the 
infrared background would show no¬ 
ticeable variations. 

It is evident that many new and 
exciting ideas about the formation 
and early development of the universe 
have been raised and that comprehen¬ 
sive and detailed observations of the 
cosmic background radiation arc the 
key elements needed for sorting out 
these ideas. The faintness of the cos¬ 
mic background relative to the astro- 
physical and terrestrial radiation con¬ 
spire to make ground-, aircraft-, bal¬ 
loon- and rocket-based experiments 
extremely difficult. 

Properly shielded from the sun 
and the earth and oriented to provide 
full-sky coverage, a satellite, however, 
can measure a broad range of wave¬ 
lengths, The satellite can thus deep¬ 
en understanding of the cosmic back¬ 
ground as well as measure radiation 
from local sources. 

This local radiation, rather than in¬ 
strument sensitivity, sets the ultimate 
limits on the ability' to measure the 
cosmic background. The foreground 
astrophysical sources include dust in 
our solar system, synchrotron radia¬ 
tion from electrons losing energy in 
galactic magnetic fields, thermal ra¬ 
diation from interstellar dust in our 
own galaxy and the integrated emis¬ 
sion from the stars and external galax¬ 
ies. Because the various sources can be 
distinguished according to their spa¬ 
tial and spectral characteristics, it is 
possible to separate the foreground 
sources from the cosmic backgrounds. 
Well-calibrated, multi frequency, full- 
sky maps are required to perform this 
separation. 

T he core satellite was designed 
and built at nasa t s Goddard 
Space Flight Center. The design 
combines a careful integration of in¬ 
struments, spacecraft and orbit to 
reduce systematic errors, with in¬ 
struments that cover a broad spec¬ 
tral range (near infrared to centime¬ 
ter wavelengths) and can measure the 
background radiation across the sky. 

Primary mission objectives are to 
search for angular anisotropies in the 
CMB, to measure its spectrum and to 
search for and measure the diffuse 
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FAR INFRARED ABSOLUTE SPECTROPHOTOMETER compares the spectrum of radi¬ 
ation from the sky at wavelengths from 100 micrometers to one centimeter with 
that from an internal blackbody, or perfect source of radiation; differences between 
the two would constitute evidence that the universe underwent energetic process¬ 
es near the time of decoupling. A trumpet shaped horn funnels light into a beam 
splitter, which directs two parts (red and green /dies) along paths whose lengths are 
varied by movable mirrors. The components are then recombined at the beam 
splitter to form an interference pattern that reveals the signal’s spectral nature. 


cfb. Analysis of emissions from the 
foreground astrophysical sources is 
also an objective of the mission. Such 
knowledge is intrinsically important 
to understanding the origin and evo¬ 
lution of both our solar system and 
galaxy'. Furthermore, the cosmic back¬ 
grounds cannot be determined with¬ 
out this knowledge, 

co be carries three complementary 
detectors: a set of differential micro- 
wave radiometers, a polarizing Michel- 
son interferometer and an infrared 
filter photometer. Each measures a 
different aspect of the cosmic back¬ 
ground radiation. The instruments 
have each been designed to minimize 
systematic errors and to provide the 
sensitivity needed to measure the cos¬ 
mic backgrounds. 

The differential microwave radiom¬ 
eters (dmr's) will measure the large- 
scale anisotropy in the cmr to better 
than one part in 100,000, an extreme¬ 
ly small variation. Data from this in¬ 
strument will be used to search for 
the seeds of the present large-scale 
structures, anisotropic expansion or 
rotation of the universe, gravity waves, 
large-scale flows of matter and cos¬ 
mic strings. Theory predicts that such 
strings—which can be considered as 
massive, one-dimensiona) objects— 
will have formed just after the big 
bang. If they did, they may have pro¬ 
vided a framework on which large- 
scale structures could grow ? . 

The radiometers achieve their high 
sensitivity by rapidly switching be¬ 
tween two nearly identical horn anten¬ 
nas, each aimed at an angle of 30 de¬ 
grees with respect to the spacecraft's 
axis of spin. Measured power differ¬ 
ences are then converted to temper¬ 
ature differences in the sky by com¬ 
parison with references supplied by 
onboard sources and measurements 
of the moon. There are three separate 
receiver boxes, one for each of the 
three wavelengths. The specific wave¬ 
lengths w^ere chosen to optimize the 
capability to distinguish between local 
galactic and dust emissions and the 
cosmic microwave background. 

To provide higher sensitivity, crit¬ 
ical components of the two shorter 
wavelength radiometers are passively 
cooled by radiation to about 140 K, 
while the longest wavelength radiome¬ 
ters operate near room temperature. 
The cooled radiometers can detect a 
temperature difference of about .025 
K in a one-second measurement. The 
room-temperature radiometers are 
less sensitive by a factor of approxi¬ 
mately two. The sensitivity' of the data 
from each dmr receiver after one year 


of observation will be about 100 mi- 
crokehins (.0001 K) per seven-degree 
field of view on the sky. This level of 
sensitivity is about seven times better 
than that of the three-millimeter map 
shown on page 124. 

By combining these points, the dmr 
will be able to measure temperature 
variations on large angular scales as 
small as 10 microkelvins. Such varia¬ 
tions are 300 times smaller than the 
amplitude of the confirmed dipole 
variation mentioned earlier. Even the 
dipole temperature difference caused 
by the motion of the earth around the 
sun with respect to the cmb will ap¬ 
pear as a large signal relative to the 
Instrument's noise. 

T he Michelson interferometric 
spectrometer, or far infrared ab¬ 
solute spectrophotometer (n- 
ras), will measure the spectrum of the 
background radiation from one centi¬ 
meter to 100 micrometers for each 
of 1,000 parts of the sky. Deviations 
from the spectrum of a blackbody 
will be measured to within one part 


in 1,000. A deviation w r ould indicate 
the presence of very energetic sour¬ 
ces in the early universe. Scattering 
of cosmic background photons by 
hot electrons produces a well-known 
change in the blackbody spectrum. 
This perturbation would indicate the 
presence of a hot, ionized gas pro¬ 
duced by energy' injection well after 
decoupling. Such heating could have 
been produced by the formation of 
stars or galaxies. 

The firas, like the dmr, is a differen¬ 
tial instrument. It compares the spec¬ 
tral pow r er received from the sky with 
an internal reference source that has a 
controllable temperature and calibrat¬ 
ed emission properties. The high accu¬ 
racy of the firas instrument is attrib¬ 
utable to a movable calibration source 
that may be placed in the entrance of 
the input horn. The spectrum emitted 
by the calibrator is within ,01 percent 
of a blackbody. The temperature of 
the calibrator is adjusted to match the 
flux from the sky as closely as possi¬ 
ble. Any remaining spectral differenc¬ 
es between the blackbody and the sky 
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can then be measured at a high degree 
of sensitivity. 

Radiation from the sky enters the 
instrument through a trumpet-shaped 
cone that suppresses the off-axis radi¬ 
ation. The resulting beam is split into 
two components, which traverse paths 


whose lengths are controlled by mo¬ 
bile mirrors. The spectrum is inferred 
from the way the waves of the two 
beams interfere with one another af¬ 
ter they recombine. The instrument's 
field of view is seven degrees, directed 
along the spacecraft's spin axis. 


The third detector, the diffuse infra¬ 
red background experiment (dirbe), 
will measure the absolute brightness 
of the sky at wavelengths ranging be¬ 
tween one and 300 micrometers. This 
instrument wiU perform the most sen¬ 
sitive search yet undertaken for the 
diffuse infrared light from the early 
universe—light from the fixst gener¬ 
ation of protogalaxies, galaxies and 
stars. The spectral range of the radia¬ 
tion would indicate the nature of its 
originating processes, dirbe will also 
make important measurements of the 
emissions from foreground sources 
such as interstellar and interplanetary 
dust, galactic starlight, infrared galax¬ 
ies, quasars and galactic dusters. 

dirbe 's optics have been designed 
and built to eliminate all stray light 
from off-axis sources as well as ra¬ 
diation from the spacecraft and the 
instrument itself. A system of light 
baffles, radiation stops and extremely 
clean, highly polished mirrors ensures 
that the radiation contributed by ex¬ 
traneous sources will be small. The 
instrument will be able to measure a 
small residual background radiation 
with a sensitivity of about 1 percent 
of the local astro physical foreground 
emission. The basic instrument design 
is that of an unobscured off-axis Gre¬ 
gorian telescope with a primary mir¬ 
ror diameter of 20 centimeters; the 
field of view is .7 by .7 degree. The 
telescope is aimed 30 degrees away 
from the satellite spin axis so that the 
rotation varies the angle between the 
dirbe line of sight and the sun. A 
device resembling a tuning fork inter¬ 
rupts the sky beam 32 times per sec¬ 
ond to compare the incoming radia¬ 
tion from each point on the sky with 
the near-zero light level of a cold ref¬ 
erence surface within the instrument. 
Detectors at 10 different wavelengths 
observe the same held simultaneously 
to cover the spectrum from one to 300 
micrometers. 

The dirbe will also measure the po¬ 
larization of the incoming light in the 
three shortest-wavelength bands. This 
information will enable it to charac¬ 
terize the sunlight that is scattered 
from the interplanetary dust. The four 
middle bands are dominated by the 
thermal emission of the interplane¬ 
tary dust, but the receivers for those 
bands are sensitive enough to detect 
the diffuse emission from an early 
generation of stars. The channels meas¬ 
uring the longest wavelengths will 
search for radiation that may have 
been reradiated by intergalactic dust 
produced from this early generation 
of stars, dirbe has enough spectral 
coverage and sensitivity to separate 


INSTRUMENT PARAMETERS AND SCIENCE TEAM MEMBERS 

PARAMETER 

DIFFUSE INFRARED 
MICROWAVE 
EXPERIMENT 
(DIRBE) 

DIFFERENTIAL 

MICROWAVE 

RADIOMETERS 

(DMR's) 

FAR INFRARED 
ABSOLUTE 
SPECTRO¬ 
PHOTOMETER 
(FIR AS) 

WAVELENGTH 

1.1-1 A 1 5-30 

2.0-2.4 40-80 

3.0-4.0 80-120 
4,5-5.1 120-200 
8.0-15 200-300 
(in pm) 


3.3, 5.7 
and 9.6 mm 

. 10-10 mm 

SPECTRAL 

RESOLUTION 

Shown above 


1 GHz 

.2 cm' 1 

FIELD OF VIEW 

.7 degree square 


7 degrees diameter 

7 degrees diameter 

TYPE 

Filter photometer 


Dicke-switched 

differential 

radiometers 

Fourier-transform 

polarizing 

interferometer 

FLUX COLLECTOR 

Off-axis Gregorian 
telescope 

Corrugated horns 
separated by 60 
degrees 

Smooth flared 
horn 

SENSITIVITY 
{IN FIELD OF VIEW) 

10 > 3 Wcm' 2 


.0001 K (3.3 and 

5.7 mm), .00025 K 
(9.6 mm) 

(after 1 year) 

< 10W cm ^ 

(.5-5 mm) 

LINE OF SIGHT 

30 degrees off spin 
axis 

30 degrees off spin 
axis 

Spin axis 

DETECTOR 

Photovoltaics for< 5.1, 
p h otoco nd u cto rs 
for 8-120, bolometers 
for 120-300 

Diode mixer 

Bolometers (4) 

CALIBRATION 

Internal reference 
and celestial sources 

Noise diode 
and moon 

Blackbody tem¬ 
perature controlled 
to within .00 \ K 

DATA RATE 
(BITS/SEC) 

1,713 


216 
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DIFFUSE INFRARED BACKGROUND EXPERIMENT searches for the radiation from the 
earliest generation of stars, scouring it for clues to the ancient distribution of matter 
from which today's cosmic structures evolved. Light is collected by a primary mir¬ 
ror; stray radiation is eliminated by light stops and baffles. The beam is divided into 
10 components, which pass through different wavelength filters. The bands are 
analyzed for their intensity; three are analyzed for their polarization properties. 


the emissions of planetary and galac¬ 
tic dust from the interesting cosmic 
sources. The questions of whether ra¬ 
diation was emitted from an early gen¬ 
eration of stars or larger structures 
and whether such radiation might 
have been absorbed and reemitted 
by intergalacrie dust are uniquely suit¬ 
ed to an analysis based on dirbe 's 
observations, 

A mong the satellite’s other compo- 

/V nents are a large cryostat (a vac- 
1 A uum-msulated tank containing 
liquid helium), a deployable radiation 
shield, a power system and an atti¬ 
tude-control system. The shield pro¬ 
tects the sensitive instruments and 
the cryostat from solar and terrestrial 
thermal radiation and from radio-fre¬ 
quency interference. The dirbe and 
FiRAS are mounted inside the cryostat 
to maintain them at a temperature of 
less than 2 K; this arrangement mini¬ 
mizes radiation from the instruments 
Themselves and permits the use of 
sensitive detectors. The cryostat con¬ 
tains enough superfluid helium to 
chill the instruments for the nominal 
mission lifetime of about one year, the 
time needed to achieve the required 
sensitivity and full-sky coverage. The 
dmr is mounted outside the cryostat, 
but it, too, is protected by the radia¬ 
tion shield. Solar-cell panels supply 
electric power to the satellite except 
during short eclipse periods, which 
occur during only part of the year. At 
such times batteries will be used. 

The entire satellite, comparable in 
size and weight to a large automobile, 
was lifted into orbit by a Delta vehicle, 
launched from the Western Space and 
Missile Center in California. The cobe 
orbit allows the three kinds of scien¬ 
tific instruments to scan the entire sky 
while keeping them in a stable thermal 
environment with minimal interfer¬ 
ence from the sun and the earth. It is a 
nearly polar, circular orbit at an alti¬ 
tude of 900 kilometers, arranged to 
remain near the earth's day-night ter¬ 
minator (the bordeT of the sunlit por¬ 
tion of the globe). The attitude-control 
system keeps the instrument's view 
directions aligned about 90 degrees 
from the sun and ISO degrees from 
the earth. The entire spacecraft ro¬ 
tates at .8 revolution per minute, pro¬ 
ducing a scan pattern that reduces 
systematic errors in the dmr and giv¬ 
ing dirbe a range of solar-illumination 
angles from which to view reflections 
from the interplanetary dust. Because 
the brightness of the interplanetary’ 
dust depends strongly on the ecliptic 
latitude and the sun’s iflumination an¬ 
gle, the emission from these particles 


will be easy to recognize and thus easy 
to remove from the data. The rotation 
also ensures that the sun heats the 
satellite uniformly, reducing tempera¬ 
ture gradients within the satellite. 

The data gathered by cube’s instru¬ 
ments will constitute a set of funda¬ 
mental information of unprecedented 
scope and accuracy. The information 
will be analyzed and plotted as maps 
of the whole sky that span four orders 
of magnitude in wavelength. Two sets 
of results will be published and deliv¬ 
ered to the National Space Science 
Data Center within three years of the 
launch. The first is a set of maps, 
c abb rated and corrected for all known 
instrumental and spacecraft effects. 
The second set will show the micro- 
wave and infrared backgrounds that 
remain after the effects of the local 
astrophysical sources are removed. 

The data from cobe will answer 
many questions about the early uni¬ 
verse. Some of these have been asked 
for centuries while others have arisen 
more recently, as a result of new evi¬ 
dence. We can anticipate that cosmol¬ 
ogy will make a leap forward because 
of cobe discoveries. 

In the long run, however, it is the 
comprehensive data set itself that will 
be core’s greatest contribution. That 
set will be vastly more valuable than 
the sum of its parts. The uniformity 


of the analysis, the ability of each in¬ 
strument to confirm The results of the 
others and the sheer completeness of 
the information will lead to a level 
of reliability unachievable in a mission 
of lesser proportion. Future investiga¬ 
tions of the early universe and large- 
scale structure, in whatever direction 
the field progresses, will depend on 
core's legacy. 
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Universe. Joseph Silk, Alexander S. Sza- 
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Dark Matter in the Universe. Law¬ 
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THE AMATEUR 
SCIENTIST 

A backyard version of a Stirling engine 
can be built with common materials 



by Jearl Walker 


H eat engines, which convert heat 
into useful mechanical work, 
are of two broad types: those 
in which combustion operates direct¬ 
ly on a piston and those in which it 
operates indirectly by way of an inter* 
mediary known as the working fluid. 
The first type is an internal-combus¬ 
tion engine, of which the gasoline en¬ 
gine is the obvious example: when fuel 
is burned, the gaseous combustion 
products expand directly against a 
piston. The second type is an external- 
combustion engine. One example is 
the steam engine, in which water is the 
working fluid. First a fuel—coal, say— 
vaporizes the water; then the steam 
is introduced into a cylinder and ex¬ 
pands against a piston. 

Another example of an external- 
combustion engine is one that was 
introduced in Scotland in 1816 by the 
Reverend Robert Stirling, Originally its 
working fluid was air; later designs 
have used hydrogen or helium. The 
Stirling engine is interesting for sever¬ 
al reasons. It recycles its working fluid 
continuously. Any source of heat will 
do, so that a fuel can be chosen for its 
low level of pollution. And at least in 
theory it should be highly efficient in 
converting heat into work. Neverthe¬ 
less, for a variety of reasons Stirling's 
idea lost out—first to steam and then 
to internal combustion. 

Recently the idea has made some¬ 
thing of a comeback, in part because 
of the low-pollution possibility and 
the fact that the fuel need not be pe¬ 
troleum-derived. The engine has also 
caught the attention of some amateur 
scientists. One such tinkerer has been 
Peter L. Tailer of the Windfarm Muse¬ 
um on Martha's Vineyard, Mass., who 
modeled an engine after one devel¬ 
oped in 1876 by A. K. Rider of Phila¬ 
delphia, Tailer's apparatus is unlikely 
to compete with conventional engines 
because its output power is low. Still, 


it is easy to construct from common 
materials and allows one to study the 
associated thermodynamics. 

One appealing feature of the appa¬ 
ratus is that it does not require fine¬ 
ly machined cylinders and pistons, as 
other Stirling engines and all inter¬ 
nal-combustion engines do. Instead it 
uses two cans (soda cans, say), which 
are partially submerged in water [see 
illustration on opposite pagel The wa¬ 
ter is contained in two tanks at the 
base of the apparatus. Each can is 
attached to the end of a rod; the other 
end of each rod is connected to a 
crank on a weighted flywheel at the 
top of the apparatus. An air-filled tube 
runs between the tanks and up into 
the can in each tank. 

When the water in one of the tanks 
is heated by some source, such as a 
flame, the air in the interconnect¬ 
ing tube shuttles back and forth be¬ 
tween the tanks, the cans rise and fall 
and the flywheel turns at several tens 
of revolutions per minute. These mo¬ 
tions depend on two subtle features 
of the apparatus. One feature is the 
arrangement of the cranks at the fly¬ 
wheel: their outer arms are perpendic¬ 
ular to each other (as seen from the 
side). The other feature has to do with 
the way heat is transferred from the 
source to the air in one of the cans. 

Before I explain the details of Tail¬ 
er's apparatus, I shall examine the 
basic principles of a Stirling engine 
with a textbook version, which is illus¬ 
trated at the bottom left on page 132. 
Two solid pistons fit snugly within a 
cylinder and can be moved to the left 
or right either by air pressure inside 
the cylinder or by machinery to which 
they are attached. At the center of 
the cylinder there Is a porous materi¬ 
al, such as a metal mesh, called the re¬ 
generator, which temporarily stores 
heat when the engine is running. Near 
the pistons there are two "thermal 


reservoirs, 1 * where the temperature is 
kept constant: on the left a “heat res¬ 
ervoir/' maintained at a high tempera¬ 
ture by a heat source, and on the right 
a “cold reservoir," whose temperature 
is kept low by some means of heat 
drainage. 

During the engine's operation, the 
internal air undergoes cyclic varia¬ 
tions of pressure, temperature and 
volume: the air is said to change in 
state. The piston arrangements for 
four of the states are shown in the 
illustration. The associated variations 
in the state of the air are best un¬ 
derstood by following the graph of 
pressure versus volume at the bot¬ 
tom right on page 132. During its op¬ 
eration, the engine effectively cycles 
clockwise around a skewed and dis¬ 
torted rectangle on the graph. 

First consider state 1, which corre¬ 
sponds to the first of the series of 
drawings and also to the upper left 
corner of the skewed rectangle. Piston 
B on the right is adjacent to the regen¬ 
erator; piston A on the left is some¬ 
what farther from the regenerator. 
The air trapped between the pistons is 
at a high pressure. As the heat reser¬ 
voir warms the air, the air expands, 
thereby pushing A to the left; the con¬ 
sequent increase in the volume of the 
space between the pistons diminishes 
the pressure. During the expansion, 
the temperature of the air is kept 
constant because of the proximity of 
the heat reservoir, and so the expan¬ 
sion is said to be isothermal. The ex¬ 
pansion is represented by the upper 
curve on the graph's skewed rectangle. 
When A reaches its leftmost position, 
the air is in state 2. 

Next both pistons are moved to the 
right—not by heating but by the ma¬ 
chinery to which they are attached— 
until A reaches the regenerator and B 
is all the way to the right. The air is 
then in state 3. The movement of the 
pistons causes the air to flow through 
the regenerator, which takes up some 
of the heat and thereby cools the air. 
Because the pistons move in synchro¬ 
ny, the volume of the air does not 
change during this transition, and so 
the transition is said to be one of 
constant volume. 

Now the machinery attached to B 
pushes the piston toward the left. As 
the air is compressed, it gives up heal 
to the cold reservoir. Because the res¬ 
ervoir is fixed in temperature, the tem¬ 
perature of the air does not change 
and the transition is said to be an 
isothermal compression. At the end of 
the compression, the air is in state 4. 
To complete the cycle, the machinery 
moves both pistons together to the 
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left until they are again in the arrange- 
ment for state 1. Again the transition 
takes place at constant volume. When 
the air flows through the regenerator, 
it regains the heat it lost in the previ¬ 
ous constant-volume transition. 

As the engine runs, it continues to 
cycle around the dosed curve on the 
graph. In the transition from state 1 to 
state 2, one of the pistons is moved by 
expansion of the air. In the other three 
transitions, the pistons are moved by 
the machinery. Is the engine useful, 
that is, does the air do more work on 
the machinery than the machinery 
does on the air ? 

To answer the question, I must first 
explain what is meant by "work.” Al¬ 
though commonly the term can mean 
almost any expenditure of energy, it 
has a narrower scientific definition: 
work is the transfer of energy that is 
needed to move something. On that 
restricted definition, if a force is ap¬ 
plied to an object but the object does 
not move, no work is done. If there is 
movement, then the amount of work 
is the product of the force and the 
object's displacement. Whatever pro¬ 
vides the force loses energy, and the 
energy shows up as motion. 

Suppose that there is a dosed con¬ 
tainer of air and that the air and the 
container are at the same tempera¬ 
ture, The air molecules beat incessant¬ 
ly against the walls of the container, 
and the collective outward force on 
a wall from the collisions is the air 
pressure against that wall If the wall 
does not move outward because of 
the pressure, the air performs no work 
on the wall. But if the wail yields, work 
is performed. For air to do work, then, 
it must somehow expand its contain¬ 
er. In principle the work is the prod¬ 
uct of the force in each molecular 
collision and the displacement of the 
wall caused by that collision. The work 
is more easily expressed, however, as 
the product of the pressure (which is 
analogous to force) and the change 
in volume (which is analogous to 
displacement). 

IF an external force were to shrink 
the container, work would he done by 
that force rather than by the air. The 
agent responsible for the force (which 
might be you or some machinery) 
would then lose energy, which would 
be transferred first to the wall and 
then to the air molecules as the wall 
moved inward. In this case, work is 
done against the air. The amount of 
work is again the product of the pres¬ 
sure and the change in volume. 

The idea behind an air-Med Stirling 
engine is to coax the air into doing 
work against a piston—pushing the 
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piston outward and increasing the vol¬ 
ume of the space between the pistons* 
The motion of the piston can then be 
transferred to machinery, where the 
acquired energy can be put to use. If 
there were only one such expansion, 
of course, the engine would hardly 
be helpful The engine must instead 
somehow compress the air periodical¬ 
ly so that the air can expand periodi¬ 
cally and thereby continue to do work, 
in short, the volume of the air must he 
cycled repeatedly. But remember that 
for the air to be compressed, the ma¬ 
chinery must do work on the air* If 
the machinery does as much work on 
the air in the course of a cycle as the 
air does on the machinery, the engine 
produces no net work and is useless. 

The solution to the problem in¬ 
volves the temperature of the air. Sup¬ 
pose that whenever the air does work, 
it is hot. Then the collisions of the air 
molecules on the piston are vigorous, 
and The pressure is high. Because the 
work done on the piston depends di¬ 
rectly on the pressure, the amount of 
work is large. Next suppose that when¬ 
ever the machinery does work on the 
air, the temperature is low. Then the 
collisions are weaker, so too is the 
pressure, and the amount of work 
done on the air is small. If the temper¬ 
ature can be adjusted in this way, the 
air does more work on the machinery 
than the machinery does on the air. 

Such a periodic variation in temper¬ 
ature and pressure lies behind the 
textbook Stirling engine (as well as 
other engines, in fact). Work is done 
by the air on piston A during the iso¬ 
thermal expansion, when the air tem¬ 
perature is high. Work is done by the 
machinery on the air during the iso¬ 
thermal compression, when the tem¬ 
perature is low. The engine has a net 
output of work. 

The work involved in a cycle of the 
engine can be derived from the graph 
of pressure versus volume. During 


the isothermal expansion, the amount 
of work done by the air is represent¬ 
ed by the area below the correspond¬ 
ing curve. The area is bounded by the 
curve, the volume axis of the graph 
and two vertical lines that extend from 
that axis up through the end points of 
the curve. During the isothermal com¬ 
pression, the amount of work done on 
the air is the area below the corre¬ 
sponding curve* No work is done dur¬ 
ing the constant-volume transitions 
because there is no change in volume, 
and so the area below those lines on 
the graph is zero. To find the net work 
done by the engine during a full cycle, 
you subtract the area beneath the com¬ 
pression curve from the area beneath 
the expansion curve. The result is the 
area within the skewed rectangle. 

I now return to Tailer’s apparatus. 
The heated tank is the heat reservoir* 
The other tank is the cold reservoir, 
whose temperature is maintained by 
thermal radiation and convection. The 
air-filled spaces, including the tube 
that connects the tanks, serve as the 
cylinder. Either the tube itself or some 
wire mesh that can be placed inside it 
functions as the regenerator. The ma¬ 
chinery to which the cans are attached 
is the flywheel. 

The series of drawings at the top 
of page 134 indicates how the air 
trapped within the lower section of 
the apparatus responds to the heating 
and to the motion of the flywheel. The 
drawings show the elevation of the 
cans and the water, the direction of air 
flow and the orientations of the cranks 
for eight stages. The labels on the 
cranks indicate whether they are con¬ 
nected to the hot or the cold tank. 

Taileris engine is similar to the text¬ 
book engine but lacks any true iso¬ 
thermal or con slant-volume transi¬ 
tions. Still, if you were to graph air 
pressure versus air temperature, the 
engine would cycle around on the 
graph somewhat as 1 described for 


the textbook engine. To follow the cy¬ 
cling, consider the engine as it goes 
through stage a, having just left stage 
h. During a the hot can rises faster 
than the cold one sinks. Next both 
cans rise until they reach c. Then the 
cold can rises faster than the hot one 
sinks, until they reach d. Notice that 
during the transition from h to d there 
Is more air in the hot can than in the 
cold one* This means that more of 
the air is being heated than is being 
cooled, and so the air pressure in¬ 
creases. Notice loo that during the 
transition from h to d the volume of 
the air increases. The expansion is driv¬ 
en by the additional pressure, which 
means that the air does work on the 
cans—and thus also on the flywheel* 

When the engine moves between d 
and h, the variations in volume and 
pressure are just the reverse, and the 
flywheel does work on the air* The net 
motion of the cans compresses the 
air; the shift of air to the cold can 
diminishes the overall heating of the 
air and decreases the air pressure. 
During compression, the pressure is 
low, and so the work done by the 
flywheel on the air is less than the 
work that was done by the air on 
the flywheel during the earlier, k-to-d 
transition. The result is a net output of 
work by the air. 

Tailer sent along specific plans for 
constructing his engine, but he points 
out that the details are easily varied 
according to the materials available. 
Fashion the crankshaft from stiff wire, 
such as sturdy dothes-hanger wire, so 
that it does not flex during the en¬ 
gine's operation. The crankshaft rests 
on aluminum strips 1/8 inch thick 
that serve as bearings. Drill holes 
through each strip, cut a notch at the 
top to support the crankshaft and 
then screw the strip to the interior of a 
wooden arm as shown in the illustra¬ 
tion on the preceding page. 

The flywheel is a pulley eight inches 
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in diameter with a groove designed to 
accept a V-shaped belt. Its bore hole 
is fitted with a short length of wood 
through which a centra] hole is drilled 
for the crankshaft. Glue the wire to the 
wood insert with epoxy, and secure 
the insert to the pulley with the set 
screw on the pulley. Bring the crank¬ 
shaft wire out past the bearings, and 
then bend and cut the ends so that 
about two inches of wire extends per¬ 
pendicularly from the crankshaft axis. 
The end sections should also be per¬ 
pendicular to each other as seen from 
the side. 

Cut the tops off two soda cans with 
a hacksaw. Invert each can and glue a 
wooden dowel to the bottom of the 
can. These connecting rods should he 
about 3/16 inch in diameter and about 
36 inches long. For the glue Taller 
suggests the type of epoxy that re¬ 
quires slow curing; it withstands heat 
better than the fast-curing type. Later, 
during final assembly of the engine, 
the upper end of each connecting rod 
is glued or taped to a strip of alumi¬ 
num 1/8 inch thick that is mounted 
on a long machine screw with nuts 
and washers. The screw also passes 
through two other aluminum strips 
that are fastened to the outer ends of 
the cranks with a shorter machine 
screw and a nut. The entire assembly 
is called a crank journal. 

The tanks are one-pound coffee 
cans. The tube linking them is made of 
sections of copper tubing whose inter¬ 
nal diameter is 3/4 inch. Before you 
connect them, you should attach a 
section 5 l /2 Inches long to each can. 
Make radial cuts in the bottom surface 
of a can with a knife, and force the 
tube section inward through the flaps 
left by the cuts, Leaving about an inch 
of tubing below the can. 

You can seal the tubing to the can 
with slow-curing epoxy, but soldering 
works better. If you choose to solder, 
sand the surface of the tube to be 
soldered, smear soldering flux on the 
surface and on the adjacent region of 
the can, and direct a torch onto the 
solder so that it flows over the flux. 
Once both cans are prepared, lay them 
on their open ends. Then sand and 
coat with flux the interiors of the tub¬ 
ing elbows, and solder the elbows 
in place. Next add two short lengths 
of tubing and a central coupling that 
is equipped with a drain. Solder them 
together except for the piece that in¬ 
serts into the elbow at the cold tank. 
Secure that last connection with a few 
tight turns of vinyl tape so that the 
assembly can later be disconnected if 
a regenerator is to be added or re¬ 
placed. If you cannot locate a tubing 
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Eight stages of operation of the Toiler apparatus 


section with a drain, simply drill a hole 
in a regular tube, smooth the sides of 
the hole and then dose it with a wood 
or rubber plug. Construct a cradle that 
will support the tank assembly and 
that allows easy access to the drain. 

Now run the dowels through screw 
eyes on the support column, and at¬ 


tach them to the outer metal strips of 
the crank journals as described above. 
To get a stroke length of 1,5 inches, set 
the screws on the journals so the long 
screw moves 3/4 inch below the shaft 
and 3/4 inch above it when the fly¬ 
wheel turns. Tape weights such as ma¬ 
chine bolts to the flywheel to give it 



enough mass to complete a rotation 
when the engine Is operated. Then oil 
the bearings and make sure that the 
flywheel and cans move easily. 

To ready the engine, turn the crank¬ 
shaft until both cranks are pointed 
up at 45 degrees to the vertical. Then, 
with the drain open, fill the cold tank 
with cold water until it overflows into 
the interconnecting tube and goes out 
through the central drain. Next pour 
hot water into the hot tank until it too 
overflows. Close the drain and begin 
to heat the hot tank with, say, a pro¬ 
pane torch or Bunsen burner. 

The speed at which the flywheel 
turns depends on the temperature dif¬ 
ference between the two tanks. For 
example, one of Tailer’s engines ran at 
20 revolutions per minute when the 
water temperatures were 200 degrees 
and 60 degrees Fahrenheit but speed¬ 
ed up to 28 revolutions per minute 
when the hot water was brought closer 
to boiling. The operation of the engine 
can be enhanced if the interconnect¬ 
ing tube is partially filled with rolled 
strips of wire mesh to act as a regener¬ 
ator, When Jailer added several such 
rolls to his engine, it rotated almost 
once per second 

In addition to varying the tempera¬ 
ture, you might tTy adjusting several 
other parameters of Tailer’s appara¬ 
tus. If the stroke length is varied, does 
the flywheel turn faster? What hap¬ 
pens if the angle between the cranks is 
varied somewhat from the 90 degrees 
I have described? { Indeed, why does 
the angle matter, and why should the 
hot crank lead the cold crank?) Can 
other types of regenerator material 
improve the engine? Does perform¬ 
ance increase if you substitute an¬ 
other liquid for the water? (Do not 
use any liquid that might result in a 
fire or explosion!) What happens if 
you alter the length of the connect¬ 
ing rods to increase or decrease the 
average height of the column of air in 
the cans? 


FURTHER READING 

The Stirling Engine. Graham Walker 
in Scientific American, Vol. 229, No, 2, 
pages 80-87; August, 1973. 

Stirling Engines. Graham Walker. Ox¬ 
ford University Press, 1980. 

Liquid Piston Stirling Engines, C D, 
West. Van No strand Re inhold Compa¬ 
ny, 1983. 

Other Externally Reversible Cycles, 
J. B, Jones and G, A. Hawkins in Engi¬ 
neering Thermodynamics: An Introduc¬ 
tory 1 Textbook. John Wiley & Sons, 1986. 

Principles and Applications of Stir¬ 
ling Engines, Colin D, West. Van Nos- 
irand Reinhold Company, 1986. 
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TOGETI 
ON THIS 


Or you have to be an eye surgeon. 

That's because Project ORBIS is a flying eye 
hospital. And its mission is to train doctors while 
treating patients throughout the world. 

Last year alone, ORBIS helped over 1000 
blind men, women and children regain their 
sight. 

It also helped more than 1000 surgeons learn 
and use the latest ophthalmic techniques. Tech¬ 
niques that restore sight or save it. 

That’s important. Important because at least 
thirty million blind people and 350 million other 
people with potentially blinding diseases can 
be cured. 

That's right, they can be cured. All of them. 
They just need more doctors with more 
training. 

And ORBIS provides that training to those 
doctors. Right on board its aircraft. 

What’s more, as ORBIS spreads its treat¬ 
ment and training, it spreads goodwill. 
People regain their faith as they regain 
their sight. 

So give people a better vision of the 



world. Send your tax-deductible contribution to 
Project ORBIS, Suite 1900, 330 West 42nd St. f 

«. Project ORBIS 



COMPUTER 

RECREATIONS 

The cellular automata programs that create 
wireworld, rugworld and other diversions 



by A. K. Dewdney 


"The chess board is the world, the 
pieces are the phenomena of the uni¬ 
verse, the rules of the game are what 
we call the laws of Nature." 

—Thomas Henry Huxley, 

A Liberal Education 

I f a chessboard represents the 
world, so does a cellular automa- 
ton. Its gridwork of squares will 
support many more pieces than chess, 
and its possible rules are myriad Even 
better, its colors are not restricted to 
black and white but span the spec¬ 
trum. What is a cellular automaton? As 
far as this month's examples are con¬ 
cerned, it is an infinite two-dimension¬ 
al plane filled with squares, a collec¬ 
tion of states and a clock. Each square 
or cell is always in one or another of 
the available states. At each tick of the 
clock each cell changes its state in 
accordance with certain rules that ap¬ 
ply in its neighborhood. 

Two software packages that gen¬ 


erate cellular automata have recent¬ 
ly caught my eye: the phantom fish 
tank and rudy rucker’s ca lab. Peo¬ 
ple who have no special knowledge of 
programming can now explore certain 
famous cellular automata, or they can 
create cellular worlds of their own. 

Over the years this department has 
described many cellular automata. In 
October of 1970 the famous cellular 
automaton called life, which was dis¬ 
covered by mathematician John Hor¬ 
ton Conway of the University of Cam¬ 
bridge, was first celebrated In these 
pages by Martin Gardner. Life is full 
of curious structures—some stable, 
some moving. In strange ways the 
growth of these structures mimics the 
development of a colony of bacteria. 
The August, 1988, column presented 
a cellular automaton that simulated 
a self-sustaining chemical reaction. 
More recently, this past August, we 
witnessed the evolution of a cellular 
automaton called cyclic space from a 


state of random disorder into a patch- 
work of beautiful crystalline spirals 
competing for space. 

Each of these cellular automata 
requires different sets of rules that 
govern the way the states flit about 
among the cells. Traditionally, to ex¬ 
periment with a new cellular autom¬ 
aton, one had to develop a new pro¬ 
gram embodying its rules. Wouldn’t it 
be nice to have a single system that 
somehow embodied all possible cellu¬ 
lar automata? 

Such a thought certainly motivated 
Brian Silverman to produce the phan¬ 
tom fish tank in 1987, (Silverman 
works as a research director at Logo 
Computer Systems, a Montreal soft¬ 
ware firm; he was one of the moving 
spirits behind the Tinkertoy comput¬ 
er described here this past October.) 
The phantom fish tank refers whim¬ 
sically to the computer screen as a 
tank and to the strange patterns that 
sometimes writhe or glide in cellular 
space as fish. My own favorite cellular 
automaton in Silverman’s package al¬ 
lows one to build a simple comput¬ 
er within a two-dimensional cellular 
space. I call it wireworld. 

With the editing system available 
in the phantom fish tank, one can 
design and animate circuits of cellu¬ 
lar “wires" and “logic gates." In theo¬ 
ry these cellular devices can be assem¬ 
bled into a computer of any power. 
In practice the scale of the wireworld 
computer is limited to a small number 
of gates and wires. 

A handful of devices is more than 
enough, however, to impress any avid 
experimenter with the limitless pos¬ 
sibilities of wireworld. The building 
blocks of wireworld are an array of 
square cells. At any given moment a 
cell can be in any one of four possible 
states. The states have names instead 
of numbers: background, wire, elec¬ 
tron tail and electron head. A pair of 
adjacent cells, an electron head and 
tail, make up an “electron," 

It hardly matters what one calls 
such cells, of course, but the names 
have significance when it comes to 
the rules. During each turn of the 
game electron-head cells become elec¬ 
tron-tail cells, electron-tail cells be¬ 
come wire cells and sometimes wire 
cells become electron-head cells; back¬ 
ground cells never change. Whether a 
wire cell changes depends on the state 
of its neighbors, the eight cells that 
touch it along an edge or at a cor¬ 
ner. Wire cells whose neighborhood 
includes one or two electron-head 
cells become electron-head cells them¬ 
selves, but wire cells whose neighbor- 



OR gate is protected by diodes (top). An electron passes through a diode the right 
way (upper sequence) but is blocked going the wrong way (low r er sequence) 
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hood is crowded by three or more 
electron-head cells Tcmain wire cells. 

With rules no more complicated 
than that, wireworld is ready for ac¬ 
tion. A random distribution of elec¬ 
tron cells and wire cells will proba¬ 
bly do little more than short circuit, 
though. In order to compute anything, 
the human designer must first assem¬ 
ble logic devices out of the wire and 
the background cells. Then he or she 
can test the devices by introducing 
electrons that glide along wires that 
look like nothing on earth. Building 
the cellular computer is half the fun. 

To make a wire In the cellular space 
of wireworld, one simply positions 
several wire cells in a line and sur¬ 
rounds them with background ceils. 
To release an electron into the wire, 
one replaces the first wire cell in the 
line with an electron-tail cell and the 
second with a head celL The electron 
will move along the wire as a simple 
consequence of the wireworld rules; 
at each tick of the cellular clock the 
wire cell in front of the electron be¬ 
comes an electron head, even as the 
head cell becomes a tail cell and the 
tail cell reverts to wire. 

But how are the decision-making el¬ 
ements fashioned for the wireworld 
computer? Consider the configuration 
in the upper part of the figure on 
the opposite page. The two horizontal 
wires are inputs for an OR gate, a 
device that will send an electron down 
the vertical wire if an electron enters 
either input wire or both of them. At 
first glance the gate might seem to 
work without the strange rectangular 
knobs placed on the input wires: if ei¬ 
ther of the input wires carries an elec¬ 
tron or if both of them do, at least one 
will arrive at the junction, and one 
electron will certainly enter the output 
wire. The problem occurs when a sin¬ 
gle electron arrives at the junction. It 
would not only continue down the 
output wire but also propagate a copy 
of itself along the other input wire. 
The situation would be disastrous if 
another electron entered the device 
along the same wire and collided with 
the stray electron. They would cancel 
each other. 

The rectangular knobs on the input 
wires prevent such collisions. They are 
cellular diodes, which allow electrons 
to travel through the circuit in only 
one direction. The diode consists of a 
three-by-two rectangle made mostly 
of wire cells. The central cell on one 
side of the rectangle is a background 
cell, creating a gap in the wire. Nothing 
more is needed, as the diagram on the 
opposite page shows. An electron that 



Memory element in wireworld is about to forget l and remember 0 


enters from the solid side will split in 
two and then trigger the wire cell on 
the other side of the gap. An electron 
that goes the opposite way splits into 
three electrons that cannot propagate 
down the wire, because the wire cell 
adjacent to them cannot be triggered 
by three electrons. The OR gate is eas¬ 
ily constructed by placing a diode on 
each input wire. 

Two more kinds of gates will com¬ 
plete the repertoire at the compo¬ 
nent level: a memory element and a 
NOT gate (or inverter). If one attempts 
to design a complete computer, one 
would certainly have to decide on a 
timing convention for internal signals. 
In ordinary electronic computers the 
binary signal does not consist of indi¬ 
vidual electrons but of voltages that 
are constant, either “high" (1) or “low” 
(0). In wireworld the presence or ab¬ 
sence of an electron will be interpret¬ 
ed as 1 or 0, respectively. But compu¬ 
tational events must nevertheless be 
orchestrated within the cellular com¬ 
puter. The individual electron signals 
must be spaced out in time. A constant 
number of clock cycles will separate 
consecutive signals along any wire in¬ 
side our computer. If the constant 
number of clock cycles is T, then for 
every T cycles every component of the 
computer will be receiving either a 
single electron (1) or no electron (0). 
The question is. How small a value of T 
can we get away with? 

I will leave the enjoyable business of 
designing an inverter to readers after 
supplying a few hints. Set up a loop of 
wire cells around which a single elec¬ 
tron can circulate every Tseconds. Tap 
into the loop by a wire that leads to a 
configuration resembling a backward 
diode. A wire from the outside world 
brings an electron (or nonelectron) ev¬ 
ery T ticks. If an electron arrives, the 
electron from the loop enters the qua¬ 


si diode in time to cancel it. If no 
electron arrives, the electron from the 
loop escapes into the output wire. 

In logical terms wireworld can now 
be equipped with a complete stock of 
components. Inverters and OR gates 
suffice to build any logical function 
whatsoever, from multiplexers (cir¬ 
cuits that direct the flow of signals 
within a computer) to a CPU (the 
central-processing unit—a circuit of 
mind-boggling complexity that runs a 
computer's programs). This column 
will not attempt such things; it will be 
content merely to show that every¬ 
thing one needs to build a computer is 
already available. 

But what of memory? How shall 
we build a computer’s memory regis¬ 
ters? The standard recipe calls for a 
so-called flip-flop made out of the log¬ 
ic that lies at hand. I find more charm¬ 
ing the prospect of designing a cus¬ 
tom memory element. The illustration 
above depicts the device 1 designed 
with help from the phantom fish 
tank (to lay it out and test it). 

The memory element employs a 
loop within which a single electron 
circulates when the element remem¬ 
bers a 1; when it remembers 0, no 
electron will be found there. Two con¬ 
trol wires change the content of the 
memory element. An electron moving 
along the lower wire, signaling the new r 
memory of a 1, enters the loop at its 
lower left corner. It makes no differ¬ 
ence whether an electron is already in 
the loop. The entering electron is in¬ 
jected into the circuit precisely when a 
circulating electron would pass the 
injection point were it present. 

The upper wire sends nonelectrons 
into the loop. An electron that en¬ 
ters the circuit along the upper wire 
signals that until further notice the 
element should remember 0. The elec¬ 
tron passes through a protective di¬ 
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ode and enters another diode. The 
latter is actually part of the memory 
loop. The signal electron causes all 
three cells on the loop side of the 
diode to become electrons at exactly 
the moment when a circulating elec¬ 
tron would be about to enter the diode 
from the bottom. This effectively kills 
the circulating electron by turning all 
the cells that were at one moment 
electron heads into electron tails- The 
latter are refractory and cannot be¬ 
come heads again for one whole cycle. 
The loop “forgets” the 1 and now re¬ 
members 0, Of course, if it were pre¬ 
viously remembering 0, no electron 
would be circulating anyway. In that 
case an electron in the lower cell of the 
diode would propagate into the loop 
in the "upstream" direction. But not to 
worry: the stray impulse is blocked at 
two other diodes before any damage 
can be done- One of these is in the 
loop* and the other protects the lower 
input wire. 

How long should the clock cycle be 
to ensure that all runs smoothly? The 
smallest memory loop I could manage 
takes 13 ticks. If no reader can devise 
a faster memory element that does 
everything mine does, we shall have to 
be content with a grand cycle of 13 
ticks of the clock. 

Silverman is enthusiastic about the 
computational potential of cetlulaT au¬ 
tomata. He imagines a cellular com¬ 
puter that not only operates on the 
basis of circuit layouts of the kind 
I have described but also can modi¬ 
fy the circuits on The fly to optimize 
somehow the computation being car¬ 
ried out. 

Rudy Rucker sees a still wider future 
for cellular automata. “I feel that sci¬ 
ence's greatest task in the late 20th 
century is to build living machines.... 
This is the computer scientist's Great 
Work as surely as the building of 
the Notre Dame cathedral... was the 
Great Work of the medieval artisan." 

Whether that is a viable project or 
not, readers can certainly have fun 
trying, now that Rucker, in coopera¬ 
tion with Autodesk, a California com¬ 
puter-games company, has produced 
the package called ruby rucker’s ca 
lab. (Rucker is a science-fiction writer 
who left the uncertainties of a free¬ 
lance life for the relative security, but 
great excitement, of academic life near 
California’s Silicon Valley.) The lab 
consists of two programs called rc 
and ca. The first program, written by 
Rucker, enables a beginner to exper¬ 
iment with a sampler of various in¬ 
teresting rules. These include those 
for the well-known cellular automata 


such as life and the voting game [see 
“Computer Recreations," Scientific 
American, April, 19S5] and a number 
of newer rules with names such as 
faders, ascii and Brian’s brain (a cellu¬ 
lar automaton first described by Sil¬ 
verman). The ca section, written by 
John Walker of Autodesk, includes a 
special facility to create almost any 
cellular automaton one likes. 

One of Rucker’s favorite cellular au¬ 
tomata, called rug, creates patterns of 
color that are arranged in oval swatch¬ 
es and elliptic bands. The patterns 
look rather like the hooked rugs my 
ancestors used to make in Lancaster 
County, Pa.—but the cellular automata 
rugs are alive: the colors are always on 
the advance or retreat, and the pattern 
changes continually as we watch. How 
does Rucker’s rugworld work? 

In the rug cellular automaton, each 
cell has eight neighbors, four along 
the sides and four at the comers. A 
ceil decides which of 256 states it will 
enter at the next cycle by invoking a 
four-stage process. First, the average 
of the eight neighboring states is com¬ 
puted. Second, the resulting average 
is truncated to an integer by remov¬ 
ing the fractional part. Third, an incre¬ 
ment (selected by the user) is added 
to this number. Finally, the resulting 
sum is masked with another number 
supplied by the user. "Masking" means 
that the bit representation of a cell's 
new state is combined logically with 
the hit representation of the user-sup¬ 
plied number. For example* if the nu¬ 
merical result of the computation just 
outlined happens to be 107 and the 
mask number is 224, then the mask¬ 
ing process would compare the binary 
representation of both numbers: 107 
equals 01101011 in binary; 224 equals 
11100000. The mask produces a new 
binary number that has 1 ’s only where 
both numbers have 1 's. The result of 
the masking process in this example, 
then, would be 01100000. The mask 
in effect chops off the low-order bits 
of the computed number to obtain the 
next state. Of course* one can use the 
number 255 (11111111) as the mask, 
in which case the results of the com¬ 
putation are left intact and the next 
state of each cell is essentially the 
average of its neighbors incremented 
by the amount specified by the useT. 
Even as small an increment as 1 pro¬ 
duces patterns that tend to spread or 
shrink, keeping the rugs "alive.” 

For mental adventurers who wish 
to roam, the CA program allows them 
to specify any rule they like in a va¬ 
riety of modes and languages. One 
can specify the size of the cellular 



space as well as the effects on a cell 
that crosses the boundaries. Will the 
cell jump across to the other side of 
the screen or drift away into comput¬ 
er memory? 

For less serious players there is al¬ 
ways the possibility of selecting one’s 
favorite cellular automaton from a 
variety of demonstrations and then 
starting the automata from different 
initial configurations. It can be trou¬ 
blesome, however, to specify the ini¬ 
tial state of 8,000 cells. Luckily, Ruck¬ 
er has provided the enjoyable option 
of using recognizable pictures as the 
Starting configurations, such as the pic¬ 
ture of the Starship Enterprise shown 
on these two pages. Its pixels are in 
reality the colored cells of a cellular 
automaton. Start off the rug cellular 
automaton from this initial config¬ 
uration, and the Starship Enterprise 
weaves itself into a high-tech rug. 
Run a cellular automaton called heat* 
which simulates heat flow in materi¬ 
als, and the Enterprise glows red, vio¬ 
let and chartreuse as it diffuses slowly 
into the cosmos. (There is no chance 
for the crew to beam away.) Or start 
the life cellular automaton and watch 
the Starship Enterprise explode into a 
cloud of gliders, blinkers, beacons and 
beehives. 

The PHANTOM FISH TANK f OF Apple II 
computers can be ordered by writing 
Brian Silverman at Logo Computer Sys¬ 
tems, Inc., 3300 Cote Vertu, Montreal, 
Quebec, H4R 2B7. RUDY RUCKER'S CA 
iab for IBM PC’s can be ordered from 
Autodesk, Inc., 2320 Marinship Way, 
Sausalito, CA 94965. 

T his past June a parade of prose 
and poetry, or should one say* 
a parody of prose and poetry, 
appeared in this department, mark v. 
shaney, a program that reads straight¬ 
forward English text only to produce 
monstrously distorted versions of the 
same, works on the basis of Markov 
chains. The underlying algorithm is 
ridiculously simple. As the program 
scans the text, it builds up a table of 
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The Starship Enterprise dissolves in the cellular space called life 


two-word followers. In other words l 
for every pair of consecutive words 
that the program finds in the text un¬ 
der examination, it lists all the words 
that follow that pair wherever it oc¬ 
curs throughout the text. Frequencies 
of such following words are easily 
converted into probabilities at the end 
of the process, so that as mark v. 
shaney regurgitates the text, it merely 
looks up the last two words it printed, 
selects a follower based on the proba¬ 
bilities involved and then prints the 
follower as its next word. It repeats 
the process ad nauseam. 

I shuddered at the thought of mark 
v. shaney going through that very col¬ 
umn, reducing my own carefully con¬ 
structed text to gibberish. Kenneth A. 
Bullis of Campbell, Calif., incarnated 
shaney on his Macintosh Plus com¬ 
puter, then promptly, and with no 
thought for my personal feelings on 
the matter, typed in the entire “Com¬ 
puter Recreations” for June! Here is 
the program’s first go at the column: 

“Take care of a Markov chain table 
for all words that rhyme with sun: 
bun, done, fun, gun and so forth. Scan¬ 
ning them, one's eye might alight on 
the nature of a solid or a liquid. Look 
around. What are the only ones that 
take part in the leaves of green plants. 
It is only the Mandelbus 1 first stop 
can be obtained by writing Pike at the 
moment when the sad clowns enter 
your museum of pain." 

Guy Ottewell of Greenville, S.C., 
thought that the poetry software 
did not perform as well as shaney. 
In particular, he took issue with the 
sonnet produced with the aid of Mi¬ 
chael Newman’s computer-as sis ted 
poetry program. The fault lay not in the 
program but in the poet. The program, 
by the way, runs on IBM computers 
and can be purchased in three parts: 
the POETRY PROCESSOR, NERD II (the 
acronym stands for Newman’s Elec¬ 
tronic Rhyming Dictionary) and Or¬ 
pheus a-r-c. Alternatively, readers can 
order all three in one package called 
the POETRY PROCESSOR PACKAGE. The 


programs are available through the 
Pam Review, 541 East 72 Street, New 
York, NY 10021. 

Another rhyming dictionary is pro¬ 
duced by Carl Wurtz of Burbank, Calif. 
QuickRhyme, as Wurtz calls his pro¬ 
gram, has apparently tackled many 
of the thornier issues connected with 
computing rhymes rather than mere¬ 
ly listing them. Readers interested in 
QuickRhyme can contact Wurtz at “a 
priori," 859 Hollywood Way, Suite 401, 
Burbank, CA 91510. 

In August, 1989, this department ex¬ 
plored the cellular automaton called 
cyclic space by its discoverer David 
Griffeath of the University of Wiscon¬ 
sin at Madison. I can do little more 
than sample the interesting experi¬ 
ments being carried out as a conse¬ 
quence in the scientific hinterland by 
hundreds of dedicated amateurs. 

Griffeath’s cellular universe is called 
cyclic because of the “eating” habits 
of its cells. A cell in state k will eat 
a neighboring cell in state k-h If k 
happens to be 0, the next lower state 
is n -1 [f only n states are allowed. 
The food chain becomes a food cycle. 
If the cellular space is initially filled 
with random states (debris), when n 
is large, there is little activity at first, 
because it is rather unlikely that any 
particular cell would be adjacent to a 
cell in the next lower state. 

Harry J. Smith of Saratoga, Calif., 
has worked with a 320-by-200 space 
where each cell is in one of 14 states. 
At first about 25 percent of the cells 
change their states at each iteration, 
but by 15 generations the percentage 
drops to less than three. Then, Smith 
says, the patches of intense activity 
that Griffeath calls droplets begin to 
form. As the droplets grow, the per¬ 
centage of cells that change state at 
each iteration grows steadily until, at 
about the 150th generation, the per¬ 
centage begins to grow even more rap¬ 
idly until the demon phase is reached, 
when all of the cells are changing at 
every iteration. 

In the column on cyclic space 1 chal¬ 


lenged readers to discover a small 
rectangle of cells that do not contain 
a defect but will in time produce one. 
By a defect Griffeath means a closed 
cellular chain that includes a contigu¬ 
ous cycle of all possible states. Such is 
the egg from which demons hatch. 
The nicest solution to this problem 
comes from Marlin Eller of Seattle, 
Wash. What happens to the following 
three-by-three rectangle in an eight- 
state cyclic universe? 

0 1 2 

74 3 

7 5 6 

John D. Brereton of West Haven, 
Conn., developed an ingenious screen 
display to show what the cyclic cel¬ 
lular automaton was really up to. He 
produced not one picture of cyclic 
space on his screen but two, side by 
side. The space on the left shows the 
last generation, but the space on the 
right shows only the cells that change 
their state as the next generation is 
computed. Unable to leave things as 
Griffeath and I left them, Brereton tin¬ 
kered by counting as neighbors not 
only the four cells along a side but 
also those touching a cell's comers. 
The new r space prompted the feeling 
of discovery: "As we approach this 
strange planet, at first we see a mul¬ 
ticolored cloud cover, beneath which 
no details are visible. As we go clos¬ 
er, descending through successive cy¬ 
cles, color patterns on the ground are 
vaguely distinguishable through gaps 
in these clouds. Then distinct bound¬ 
aries of various colored fields appear, 
followed by small buildings...” But I 
leave the description to be complet¬ 
ed by readers who wish to visit Brere¬ 
ton’s planet. 


FURTHER READING 

Cellular Automata Machines. Tom- 
maso Toffoli and Norman Margolus. 
The MIT Press, 1988. 


Scientific American January 1990 139 







Authors... 


BOOKS 

Two roads to the stars, art of the people, 
continuity and catastrophe 



by Philip Morrison 


LOOKING 

FORA 

PUBLISHER? 

Learn how to have 
your book published. 

You are Invited to send for a free Ulus- 
trated guidebook which explains how 
your book can be published, promoted 
and marketed. 
Whether your 
subject is fic¬ 
tion, non-fiction 
or poetry, sci¬ 
entific, scholar¬ 
ly, specialized, 
(even contro¬ 
versial) this 
handsome 40- 
page brochure 
will show you 
how to arrange 
for prompt pub¬ 
lication. 

Unpublished authors, especially, will 
find this booklet valuable and inform¬ 
ative. For your free copy, write to: 
VANTAGE PRESS, Inc, Dept. F-S3 

516 W. 34 St., New York, N.Y. 10001 


SCIENTIFIC 

AMERICAN 

is now available 
to the blind and 
physically handi¬ 
capped on cassette 
tapes. 

All inquiries should be 
made directly to RE- 
CORDED PERIODI¬ 
CALS, Division of 
Associated Services for 
the Blind. 919 walnut 
Street, 8th Floor, 

Philadelphia, PA 19107. 

ONLY the blind or 
handicapped should 
apply for this service. 

There is a nominal 
charge. 


Norton's 2000.0: Star Atlas and 
Reference Handbook, edited by Ian 
Ridpath. Eighteenth edition. Co-pub- 
lished by Longman Scientific & Tech¬ 
nical and John Wiley & Sons, Inc, 1989 
($34,95). Do-It-Yourself Astrono¬ 
my, by Sydney G, Brewer, Edinburgh 
University Press, 1988. Distributed by 
Columbia University Press (paper- 
bound, $15). 

At this perihelion we look to sky 
events a little farther ahead than usu¬ 
al. The star atlas was first compiled 
by the English amateur astronomer 
Arthur R Norton in 1910, to grow edi¬ 
tion by edition into the most widely 
used such atlas in the world It neatly 
maps the entire starry sky visible to 
the unaided eye in satisfying form, 
one page for each polar cap and six 
iwo-page spreads of “shield-shaped 
gores” that march around the celes¬ 
tial equator. The virtue of Norton's 
map design is that the pages have 
ample room for detailed entry, and 
yet each spread spans enough sky to 
make big star patterns clear. This new 
computer-aided version plots 8,700 
stars, down to the faintest to be seen 
in velvet-dark skies, marking among 
them the Milky Way, double stars, 
some 500 variable stars and 600-plus 
deep-sky objects, as well as all the star 
dusters, nebulae and galaxies accessi¬ 
ble to binoculars or small telescopes. 
The map is up-to-date enough to in¬ 
clude the supernova SN 1987A. The 
coordinate grid is that of the millenni¬ 
al year, as the title promises. 

With its indexes and the full tables 
that catalogue all "interesting objects” 
map by map, the atlas itself covers 
about 40 pages. The other three quar¬ 
ters of the handy volume has refer¬ 
ence materials on astronomy: some 60 
numerical tables and lists with defini¬ 
tions, constants and articles of practi¬ 
cal aid to the observer, newly prepared 
by a long list of specialists, amateur 
and professional. This edition retains 
the comfortably moderate level of 
technicality of its predecessors. The 


geometric framework, the complexi¬ 
ties of astronomical time measures, 
the physical data of planets and satel¬ 
lites are set out here not diagrammati- 
cally but numerically. 

This is a rocky path for sheer begin¬ 
ners, but the compact, explicit and 
crisp style makes Norton a quick and 
comprehensive reference for anyone 
who is past that stage and is interest¬ 
ed in the positional and optical as¬ 
tronomy of brighter objects. Galaxies 
are touched on only slightly. 

You will have to look up in some 
other annual almanac the positions 
of planets during any particular year. 
Here there is a longer view: for in¬ 
stance, the rare occasions when all 
four bright moons of Jupiter hap¬ 
pen to be hidden from the telescope. 
(The next time happens to be June 15 
of this year, although only early in 
evening twilight for American watch¬ 
ers.) Eclipses are well heralded; many 
Americans will enjoy a lengthy total 
solar eclipse in the summer of 199L 
For finding even a faintly visible star 
in the sky, identifying a long list of 
stars by name, naming moon craters 
or Mars markings, observing Mercury, 
plotting a sunspot path, grasping the 
apparent rotation of the moon, watch¬ 
ing for meteors or an aurora, select¬ 
ing a small telescope or looking up a 
big star catalogue—for all of these the 
pages here are just right. 

The second book is most original 
Sydney Brewer is a retired college 
mathematics teacher and an amateur 
astronomer near Edinburgh. Gifted 
with a deft sense for the essentials 
of inference and a flair for apt instru¬ 
mental design, he set himself the task 
of “simply going out under the stars to 
rediscover from the most basic meas¬ 
urements as much astronomy as pos¬ 
sible.” Within a couple of years he was 
able to gauge the cosmos a long ways 
out* honestly linking a steel one-foot 
rule there on his desk with the dis¬ 
tances to the stars. His clear book, 
with only a little mathematics, will 


To the 
author 
in search 
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carry along many a delighted armchair 
collaborator. 

Brewer used no telescope* took 
no long voyage* employed nothing 
beyond the resources of a domestic 
workbench except two grand gifts of 
our times: a familiar quartz watch 
with the radio means to keep it accu¬ 
rate to the second day after day and 
a small calculator, its internal algo¬ 
rithms in silicon, a device that confers 
on any of us the power to outreckon 
even tireless Kepler. 

His first goal was nothing less than 
the primum mobile itself. How fast 
does the sky turn? This is living-room 
astronomy, good for city dwellers and 
comfortable even on winter nights. 
Find a window from which you can 
view any bright star that in its night 
path appears from or hides behind 
any fixed obstacle: some neighbor’s 
wall or chimney acting as a distant 
front sight. Watch through your win- 
dowpane, where for a rear sight you 
glue a small square of black paper 
with a pupil-size viewing hole. Time 
the star's appearance or disappear¬ 
ance in that peephole to the nearest 
second or two over an interval of a 
couple of months, counting the days 
carefully. You will have seen “at first 
hand the silent precision with which 
the star appears or disappears, always 
at the same spot and always on time.* 1 
Two long runs gave him the sidereal 
day good to a part in a miUion, 

Well armed with the exact period of 
the first moving thing, he then caught 
on a squared paper fixed below a 
skylight a pinhole image of the af¬ 
ternoon sun, marking its position at 
the appointed second over a few days. 
Month after month he repeated the 
sun measurement; between orte au¬ 
tumn and the next spring he could 
plot the changing angular motion of 
the sun as compared with the unseen 
stars. The orbit of the earth was his to 
admire. Here he assumed the equal- 
areas law of Kepler to find the earth 
ellipse itself, although only in rela¬ 
tive terms. 

There is no way to fix the solar- 
system scale in length units with¬ 
out fine telescopic angular measures, 
distant voyages, rare events or ra¬ 
dar; recall the 18th-century efforts to 
observe the transits of Venus. Brewer 
fishes rough guesstimates by phys¬ 
ical argument out of simple bright¬ 
ness comparisons among the cloudy or 
rocky planets. He makes that method 
work better still over the light-years 
that part us from the nearest stars. All 
the work is clearly set out with simple 
theory and real data. 

The radius of the earth itself is 
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measured by a modest journey that 
scales out planet in terms of a small 
steel rule, at three steps remove, to as¬ 
tonishing three-figure accuracy* What 
he measures is the shift in the time 
of day observed for the image of the 
declining sun to reach a neatly marked 
place in a well-leveled instrument, as 
the clever little device is itself shift¬ 
ed by a calibrated bicycle ride for sev¬ 
eral hours eastward on the highway* 
Breweris demonstrative tour de force 
ends with an attic Foucault pendu¬ 
lum that turns with the sky* some¬ 
how aware of a remote dynamic back¬ 
ground. (The deep reason is probably 
not gravity* as Brewer—after Mach— 
proposes, but the simple kinematics 
at great distances forced by long-past 
cosmic inflation.) Surely some readers 
are ambitious enough to embark on 
such a trip as Brewer's along their own 
private path* 

The Spirit of Folk Art: The Gi¬ 
rard Collection at the Museum 
of International Folk Art, by 
Henry Classic. Color photographs by 
Michel Monteaux. Harry N* Abrams, 
Inc.* 1989 ($60)* 

A polychrome procession crowds 
in from the left edge of the endpapers 
to spill its devils, elephants, bands¬ 
men, buiros, market women, pilgrims 
and ritual dancers across five pages, 
announcing in proper style the mar¬ 
velous book at hand. You are not yet 
past the overture; after the contents 
list, a second gathering appears, one 
more contained but with equal magic* 
The door of a little old church stands 
open behind the happy mother who 
is holding her baby at the baptismal 
fount. Through the open door we see 
the sunny courtyard thronged with 
friends In theiT finery, who crowd the 
square to the green facade at the other 
side* Every- one of these figures is six 
inches high* made of clay or straw or 
fabric* given its form in a score of 
lands around the world. About 280 
more big color plates follow, along 
with 50 or so pictures in black-and- 
white that show a full-size world, 
mainly the artists in their workshops, 
men, women and family groups. 

This entire cornucopia of folk 
images tumbles from a still larger 
source* the unique assembly of 100,- 
000 objects from 100 countries that 
is the Girard Collection, established 
at the International Museum of Folk 
Art in Santa Fe during the early 1980*s 
under the auspices of the Museum of 
New Mexico. It was on a visit to Mexico 
in the 193G T s that Alexander and Su¬ 
san Girard first became intrigued by 
the folk art they saw there in wood* 


terra-cotta and papier-mache, a live¬ 
ly world remade in small. Sandro Gi¬ 
rard is an architect-designer, a colorist 
and an organizer extraordinaire, who 
has created many celebrated interiors 
around a rich theme* none more strik¬ 
ing than this lifelong collection* 

The Girards understood at once that 
folk art does not come by ones; it is 
often multiple, like the people them¬ 
selves and their animals and their 
houses, and the art will reward con¬ 
sidered attention to that central fact* 
They went on to collect objects ev¬ 
erywhere by the dozens and the fif¬ 
ties* The vignettes they assembled, 
as ordered and as tangled as life it¬ 
self, these miniature theaters and 
village squares, merry festivals and 
hushed ceremonies, are the heart of 
the collection* 

This is not at all to say that the 
single pieces—the figurative dolls in 
costume or puppet masks or the ab¬ 
stract, patterned Acoma pots, geomet¬ 
ric fabrics, painted gourds—are of any 
less importance or beauty. They too 
are here, all photographed with de¬ 
ceptive ease by the lens artist Michel 
Monteaux* Consider one spread among 
hundreds: in wood from Oaxaca, Emil- 
iano Zapata in bright-blue uniform 
on his horse, a small Lisbon rideT 
in glazed earthenware and a Yoruba 
horseman of heroic stature on his 
small mount, also in painted wood. 
Thai array of masterly single pieces 
strikes a second grand chord: a deep 
unity somehow flows from the cosmo¬ 
politan diversity' of such small objects. 

Henry Glassie, the distinguished 
folklorist at Indiana University who 
chose this sample from the enormous 
Girard Collection, has contributed a 
poetic essay that examines the mean¬ 
ing and nature of folk art, less for 
any taxonomy of styles than for the 
aesthetic and philosophical insights 
that dwell in the material as a whole* 
Much of his account draws on sym¬ 
pathetic encounters with the artists 
themselves, for most of the pieces are 
contemporary* One lifelong riverboat- 
man in western Pennsylvania makes 
toy boats: not models but sculpture. 
Looking at the scale models in the 
museum, he said: “Hell* anybody can 
make a boat that looks like a boat." 
The real deck rails are small, but if you 
are in a storm on the river, you want 
them thick, so he makes them thick. 
Museum models look like riverboats, 
but the things Lou Sesher makes feel 
like boats. A conscious artist, he is at 
the private extreme of a scale that at 
the other end touches traditional pub¬ 
lic ritual. 

There is no place for a full account 


of Glassie's rich and sensitive distinc¬ 
tions, but his closing pages offer a 
summary eloquence* 11 ‘Folk* art exists 
only because 'fine 1 art does***. We 
begin * * * by understanding each tradi¬ 
tion in the purity of its own system_ 

Knowing the world... we will come to 
know art as mixed, as a message about 
the wonders of impurity'*- Not fine, 
nor folk, nor primitive, not sensual 
nor conceptual, useless nor useful, 
traditional nor original.*** Art is the 
best that can be done/' These pages 
glowingly document the high claim for 
those of us who are far from Santa Fe. 

Catastrophic Episodes in Earth 
History, by Claude C. Albritton, Jr. 
Chapman and Hall, 1989 ($29.95). 
This Dynamic Planet: World Map 
of Volcanoes, Earthquakes, and 
Plate Tectonics, compiled by Tom 
Simkm, Robert I* Tilling, James N* Tag¬ 
gart, William J. Jones and Henry Spall. 
Smithsonian Institution and U S. Geo¬ 
logical Survey, 1989. USGS Map Dis¬ 
tribution, Federal Center, Box 25286, 
Denver, CO 80225 ($4 postpaid, paper 
wall map)* 

"In the early 1930's when I took 
my first course in geology," Professor 
Albritton begins, "I was taught**, the 
'principle of the permanence of conti¬ 
nents and ocean basins* 1 ” Continents 
were not at all regarded as static then; 
they bobbed up and down obedient¬ 
ly as needful, but certainly they did 
not wander sideways. By now we have 
drilled long cores from the ocean bed 
everywhere, to find in all those thick 
submarine sediments no fossils old¬ 
er than one fourth of the age of the 
abundant early fossils in continental 
rocks: the entire ocean floor is geo¬ 
logically new* Plate tectonics rules 
the science of geology, its theme the 
spreading of the sea floor out from 
midocean ridges until the thin new 
crust is tucked deep under the shore¬ 
lines of a dozen shifting plates. 

The tale is familiar by now to ev¬ 
ery geoinformed reader, and the col¬ 
orful world map, nearly five feet by 
three, documents the now triumphant 
theory. A crowd of black dots flows 
along ocean ridges, through rifts, pool¬ 
ing at coasts and island arcs, 140,- 
000 computer-marked epicenters of 
archived earthquakes, graded by mag¬ 
nitude. Some 1,500 red triangles, again 
graded by age of activity, indicate 
volcanoes that have been active in 
the past 10,000 years. Arrows give the 
direction and rate of drift of every 
rigid plate. This is an eloquent his¬ 
tory’ of unending local catastrophes, 
disclosed as an orderly if complex 
dynamics of the whole. The map, on 


142 Scientific American January J990 




Mercator projection, lacks the polar 
zones, but it is impressive for its 
shadowed relief shown over land and 
sea floor alike. Color-coded tints give 
depths and elevations. 

The base map is the revised version 
of a 1985 physiographic map made 
by the National Oceanic and Atmos¬ 
pheric Administration's National Geo¬ 
physical Data Center, without bor¬ 
ders or cities, bearing only the names 
of plates. The unmatched richness of 
digital data here (the base map stands 
on a grid of four or five million eleva¬ 
tions) has led to some deficiencies of 
appearance, but the authors have so 
disarmingly included a page of self- 
criticism of this, their first edition, 
that only ungenerous readers will be 
put off. Of course, an improved edi¬ 
tion will come. But right now the Ha¬ 
waiian undersea track visible all the 
way to Kamchatka, the dense Yellow¬ 
stone earthquake zones, the press of 
India into the Eurasian plate to thrust 
up the Himalayas make it a bargain 
find for any student of the earth who 
has wail space. 

Only the preface of Albritton’s book 
says much about plate tectonics. His 
smoothly written and tellingly illus¬ 
trated text is a cheerful, open account 
of the history of certain ideas of 
geologic change. The 13 informative 
chapters divide into three plates, so 
to say. The first carries a reader easi¬ 
ly from Gilgamesh and UtnapishtinTs 
square ark through the centuries to 
the end of the period during w r hich 
catastrophism was in some sense ob¬ 
ligatory because of the hasty scriptur¬ 
al time scale, Steno's Maltese finds of 
shark’s teeth and Hooke's ammonites 
are shown to us, along with those 
farseeing authors’ understanding that 
fossils were real relics of past life 
and geologic change. 

We read of theories of flood and 
fire but then come on the wonderful 
clarity of John Playfair, writing about 
the slow, organic growth of river val¬ 
leys, LyeU’s field-born gradualism and 
Darwin’s slow selection were hard- 
pressed no longer by the biblical time 
scale (which they could evade) but 
rather by Lord Kelvin’s premature geo¬ 
physical cooling estimates. It was ra¬ 
dioactive energy that first gave the ge¬ 
ologists world enough, and time. 

A few r chapters review the next sud¬ 
den change that fell on the geologists, 
now happily freed for the continui¬ 
ty they had lacked but always sought. 
That was the explosion craters. Al¬ 
britton himself was a pioneer of this 
understanding, arguing more than 50 
years ago that giant meteor impact 
was real. A sample of half a dozen big 


circular cryptocraters is sifted for the 
reality of the sudden impact: most are 
past dispute, although possibly not 
the very largest. 

Of course, the next narrative begins 
in 1980 with the asteroid that slew 
the dinosaurs, revealed by the irid¬ 
ium content of a half-inch layer of 
day from Italy. Five chapters review 1 
what has happened since, an explo¬ 
sion of claims pro and con: mass ex¬ 
tinctions by asteroids, comets, radia¬ 
tion, bad air, bad seawater, bad rain, 
darkness— Plainly there is a conta¬ 
gious fever, a “dmosaurmania ” that 
affects even some sober scientists. 
Did the big reptiles die with a bang 
or a whimper? Was there a sudden 
fall or almost as sudden a megavol- 
canic push? Are there repeated ex¬ 
tinctions over the history- of plant 
and animal life? Are they rhythmic? 
What about soot, shocked granules, 
microspherules, tektites? The author 
is agreeable and cool; he takes no 
sides but presents the arguments of 
all comers, 

‘“Whatever the outcome of the de¬ 
bate, nobody could say it was dull.'" 
There is plenty of evidence to show 
that something unusual happened at 
the famous K-T boundary, something 
outside the evolutionary chain, some¬ 
thing that affected the entire world 
environment. How sudden the change 
was, whether it came from above or 
from below (or perhaps from both), 
whether it was decisive in mass extinc¬ 
tion or only a contributor—all remains 
unclear. The tale is told here up to 
1988, tangled and fascinating. A fair¬ 
er and simpler account you will not 
find, but don't expect a decision. This 
reader is most impressed by the four 
spikes of iridium enrichment report¬ 
ed in 1988 from the original Gubbio 
boundary clay: not just one sudden 
bang, A long deep-PacLfic core shows 
only that one iridium-enrichment ep¬ 
och within the layers of 30 million 
years; frequent events are unlikely. 

We have gained important ground 
even in our in decisiveness. Changes 
can plainly be fast or slow; we know 
that now, The old war of method be¬ 
tween dominant catastrophe and the 
application of present experience to 
the entire past is now best seen as a 
regional conflict, "We don’t need any 
more doctrinaire labels ” Even the as¬ 
sumption that the laws of energy and 
matter remain unchanged is now a 
working hypothesis, tentative but test¬ 
ed to high accuracy over the past bil¬ 
lion years or so. The historical sci¬ 
ences are able to set themselves an 
“ambitious end... a unified theory for 
the unfolding of the universe.” 
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ESSAY 

Ecological diplomacy: 
an agenda for 1990 



by Richard Elliot Benedick 

6 i Tam an environmentalist," can- 
I didate George Bush declared 
J_!n 1988. The statement could 
prove to be as relevant for us as John 
F. Kennedy's defiant u lch bin ein Ber¬ 
liner!" at the Berlin Wall was for an 
earlier generation. Fgt the dangers of 
East-West confrontation, although far 
from moribund, are increasingly over¬ 
shadowed by more subtle threats to 
the security of humanity. A new set 
of global environmental dangers de¬ 
mands a new global diplomacy. 

Such issues as climate change, de¬ 
pletion of the ozone layer, pollution 
of oceans and fresh waters, loss of 
tropical forests, massive extinction of 
species, acid rain, toxic chemicals and 
hazardous waste are moving to the 
top of the world's agendas, indeed, a 
nuclear-weapons exchange is arguably 
more remote than potential ecological 
collapse resulting from the gradual 
cumulative impact of hundreds of mil¬ 
lions of independent decisions made 
every day—from applying a chloroflu¬ 
orocarbon-propelled hair spray to 
building roads through a forest. 

The economic summit of the Group 
of Seven major industrial democracies 
held in Paris last summer finally ac¬ 
corded the environment the attention 
it deserves: one can no longer speak of 
economic growth without considering 
the ecological costs. But environmen¬ 
tally responsible policies carry short¬ 
term price tags—and these were not 
addressed at Paris. The US, will host 
the 1990 summit, offering President 
Bush an opportunity to transform the 
rhetoric of Paris into meaningful ac¬ 
tions. As the world's leading polluter, 
consumer of energy and generator of 
wastes, the US. bears a special respon¬ 
sibility for assuming leadership. 

Dopiinating the Washington sum¬ 
mit must be the issue of finding 
ways of helping and encouraging the 
Third World to join in a global ef¬ 
fort to preserve the planet. The West 
has become wealthy even as its in¬ 
dustrial, energy and agricultural pol¬ 


icies and consumption habits have 
overburdened the fragile natural bal¬ 
ances on which all life depends. If the 
coming billions in the poorer coun¬ 
tries do no more than try to emulate 
these patterns, the world's future 
looks grim. Put quite simply, the coop¬ 
eration of developing countries will be 
indispensable. 

More than 90 percent of population 
growth will occur in developing na¬ 
tions. China and India alone account 
for some two billion people, nearly 
40 percent of the world's total. If Chi¬ 
na, with one third of the world's prov¬ 
en coal reserves, were to exploit its 
supply fully to fuel economic growth, 
any efforts by industrialized nations 
to slow down global warming would 
be negated. Destruction of tropical 
forests in Brazil, Indonesia and else¬ 
where not only aggravates the green¬ 
house effect but also is leading to 
unprecedented loss of the planet's 
biological diversity. 

Yet the Third World worries that 
the new wave of environmental con¬ 
sciousness in Europe and the US. 
means the poor countries will be ex¬ 
horted to forgo Western-style growth 
for the greater good of the planet. 
For example, China and India have 
made it clear that they will not aban¬ 
don ozone-destroying chlorofluoro- 
carbons for their refrigeration needs if 
they must as a consequence buy more 
costly technologies from the West. 

The leaders of the richer nations 
may be beginning to understand that 
protecting the global environment is 
inextricably linked with eliminating 
poverty in the Third World. As Presi¬ 
dent Bush has stated, "Successful eco¬ 
nomic development and environmen¬ 
tal protection go hand in hand. You 
cannot have one without the other ” 

The 1990 economic summit must 
therefore consider action to confront 
the interlocked issues of poverty and 
the environment. This could involve 
creative initiatives in debt relief (in¬ 
cluding debt-for-nature swaps, as pi¬ 
oneered by the World Wildlife Fund); 
subsidized transfer of new energy and 
other technologies: and expanded and 
more carefully targeted technical, sci¬ 
entific and financial assistance. The 
World Bank, with its enormous resour¬ 
ces, must be pushed by the Seven and 
its other major stockholders toward 
more aggressive promotion of new 
approaches to energy conservation, 
sustainable agricultural practices, in¬ 
dustrialization, urban planning, refor¬ 
estation, watershed management, ed¬ 
ucation—and contraceptive research 
and family planning. 

The summit should also strength¬ 


en the United Nations Environment 
Program, a woefully underfunded and 
thinly staffed agency that showed its 
potential by leading the historic nego¬ 
tiations for the Montreal Protocol on 
protecting the ozone layer. The action- 
oriented unep merits much more sup¬ 
port, and the financial implications 
are minimal: it currently spends less 
than $40 million annually. 

The summit might well promote 
specific reforms in national and cor¬ 
porate accounting practices, which 
currently discourage environmental 
protection by failing to reflect the real 
costs to society of pollution and 
thoughtless short-term exploitation 
of such natural resources as forests. 
New economic guidelines are desper¬ 
ately needed to help planners and in¬ 
vestors make decisions affecting the 
security of future generations. 

Finally, the Group of Seven coun¬ 
tries—by far the major sources of 
greenhouse gases—should agree to 
take preemptive steps aimed at mit¬ 
igating global climate changes. Spec¬ 
ified reductions In carbon dioxide 
emissions, policies to promote great¬ 
er energy conservation and efficien¬ 
cy, serious attention to expanding 
nonfossil energy sources, a phaseout 
of chlorofluorocarbons, and reforesta¬ 
tion-together these steps could buy 
precious time by slowing down green¬ 
house warming. Such measures would 
enhance Western credibility with oth¬ 
er governments as negotiations begin 
to involve all nations in sharing the 
responsibility. 

The 1990 summit provides the occa¬ 
sion for leadership by President Bush 
in an area of vital concern. Scientif¬ 
ic uncertainties, technological limita¬ 
tions, entrenched economic interests, 
wasteful life-styles and political timid¬ 
ity all represent formidable obstacles 
to action. And yet there is a deep well 
of public support for an environmen¬ 
tal presidency: a 1988 poll revealed 
that the proportion of Americans who 
want environmental improvements re¬ 
gardless of cost had grown from 45 
percent in 1981 to 80 percent. 

The world will be watching the par¬ 
ticipants in the 1990 economic sum¬ 
mit for signs of the necessary wisdom 
and courage. 


RICHARD ELLIOT BENEDICK was chief 
U.S. negotiator of the 1987 Montreal 
treaty on protecting the ozone layer. Au¬ 
thor of The Ozone Protocol: A New Glob¬ 
al Diplomacy, Ambassador Benedick is 
now on detail from the State Depart¬ 
ment as senior fellow of the Conserva¬ 
tion Foundation/World Wildlife Fund. 


144 Scientific American January 1990 










On a cold 
winter's day. 

You're a happy fugitive 

You've just escaped from the 
cold, grey skies and 
monotonous rain. 

Now, as you dreamily wiggle 
your toes in warm sand on the 
beach at the Canary Islands, 
you toast your escape with a 
sip of refreshing fruit juice. 

The hours drift by, giving you 
time for everything. Sunbathing, 
taking refreshing dips in the sea, 
going for long walks, savouring 
delicious food, capturing 
unforgettable moments on film, 
enjoying nature, swimming, 
windsurfing, snorkelling. 

In the evening, as you're 
getting ready to go out to one 
of many restaurants with a 
dance-floor and seaviews, the 
moon reflects a new you. No 
more dark circles under those 
tired eyes, the pale tone of your 
skin replaced by a warm, 
tropical tan. 

Come visit the Canary Islands 
and enjoy its subtropical 
climate, the "Costa del Sol”, the 
Balearic Islands and the 
Mediterranean Coast. 

Here it's summertime even in 
winter. 

Spain. Everything 
under the sun. 
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Clearly the judges had no difficulty 
in voting Camus the best cognac in the world. 



In 1984, we at Camus 
decided for the first time 
to enter our 
XO Cognac in the 
International Wine and 
Spirits Competition, 



Camus XO 
was deliberated upon 
by a collection of 
the most highly-qualified 
palates in the world, 
who duly pronounced 
the Camus XO 
a worthy winner of the 
gold medal. 

In 1987, we entered again, 
this time with 
Camus Extra. 



Not surprisingly it, too, 
won the gold medal, 
leaving Camus with the 
enviable record 
of two entries and two 
gold medals. 
Incidentally, no gold 
award was given in 1988. 
Coincidentally, 
Camus did not enter 
that year. 


CAMUS 


COGNAC. FRANCE 














